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ABSTRACT Microarravs containing 1046 human cDNAs 
of unknown sequence were printed on glass with high-speed 
robotics. These 1.0-cm 3 DNA "chips" were used to quantita- 
tively monitor differential expression of the cognate human 
genes using a highly sensitive two-color hybridization assay. 
Array elements that displayed differential expression patterns 
under given experimental conditions were characterized by 
sequencing. The identification of known and novel heat shock 
and phorbol ester-regulated genes in human T cells demon- 
strates the sensitivity of the assay. Parallel gene analysis with 
microarravs provides a rapid and efficient method for large- 
scale human gene discovery . 



Biology has entered the genome era (1). Complete genome 
sequences for all of the model organisms and human will 
probably be available by the year 2003 (2). Torrents of human 
expressed sequence tags (ESTs) provide a starting point for 
elucidating the function of tens of thousands of cognate genes 
(3). Genome analysis will provide insights into growth, devel- 
opment, differentiation, homeostasis, aging, and the onset of 
diseases ( 1-3). A detailed understanding of the human genome 
will require the implementation of sophisticated methods for 
gene expression analysis and gene discovery. 

Recently, a microarray-based method for high-throuehput 
monitoring of plant gene expression was described (4)," This 
* chip"-based approach involved using microarravs of cDNA 
clones as gene-specific hybridization targets to quantitatively 
measure expression of the corresponding plant genes (4, 5). A 
two-color fluorescence labeling and detection scheme facili- 
tated sensitive differential expression analysis of different 
plant tissues (4, 5). The efficiency of this approach for studies 
in higher plants suggested the use of this method for human 
genome analysis (4-7). Here, we report the use of cDNA 
microarravs for human gene expression monitoring, bioloeical 
investigation, and gene discovery. 

MATERIALS AND METHODS 

Human cDNA Clones. The cDNA library was made with 
mRNA from human peripheral blood lymphoevtes trans- 
formed with the Epstein-Barr virus. Inserts >600 bp were 
cloned into the lambda vector AYES-R to generate 10 : -10" 
recombinants. Bacterial transformants were obtained bv in- 
fecting E. coli strain JM107/AKC. Colonies were picked at 
random and propagated in a 96-weil format, and miniivsate 
DNA was prepared by alkaline lysis using REAL preps 
(Oiagen. Chatswonh, CA). Inserts were amplified bv PCR in 
a 96-well format using primers (PAN132, 5 : -CCTC- 
TATACTTTAACGTCAAGG; and PAN133, 5-TTGTGTC- 
G A ATTGTG AGQGG ) complementary to the AYES 
polylinker and containing a six-carbon amino modification 
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(Glen Research. Sterling. VA) on the 5' end. PCR products 
were purified in a 96-well format usine QlAquick columns 
(Oiagen). 

Microarray Preparation. Amino-modified PCR products 
were suspended at a concentration of 0.5 me/ml in 3x 
standard saline citrate (SSC) and arraved from 96-well micro- 
liter plates onto silylated microscope slides (CEL Associates. 
Houston) using high-speed robotics (4-7). A total of 1056 
cDNAs. representing 1046 human clones and 10 Arabidopsis 
controls, were arrayed in 1.0-cm : areas. Printed arravs were 
incubated for 4 hr in a humid chamber to allow rehydration of 
the array elements and rinsed, once in 0.25- SDS* for 1 min. 
twice in H : 0 for 1 min. and once for 5 min in sodium 
borohydride solution (1.0 g of NaBH4 dissolved in 300 ml of 
PBS and 100 ml of 1009c ethanol). The arrays were submerged 
in H : 0 for 2 min at 95X, transferred quickly into 0.29c SDS 
for 1 min. rinsed twice in H : 0. air dried, and stored in the dark 
at 25°C 

Fluorescent Probes. Tissue mRNAs were purchased 
(CLONTECH). Jurkat mRNA was isolated as described by 
Schena et ai (4). Probes were made as described (4) with 
several modifications. The reverse transcriptase used here was 
Superscript II RNase H- (GIBCO). The Cy5-dCTP was 
purchased from Amersham. Each reverse transcription reac- 
tion contained 3.0 Mg of total human mKHA? Arabidopsis 
control mRNAs were made bv in vitro transcription of cloned 
HAT4, HAT22, and YesAt-23 cDNAs (4. 8. 9) using an RNA 
Transcription Kit (Stratagene). For quantitation, the mRNAs 
were doped into the reverse transcription reaction at ratios of 
1:100.000, 1:10.000. and 1: 1000 (wt/wt) respectively. Following 
the reverse transcription step, samples were treated with 2.5 uJ 
of 1 M sodium hydroxide for 10 min at 37°C then neutralized 
by adding 2.5 m-1 of 1 M TrisHCI (pH 6.8) and 2.0 pi of 1 M 
HO. Probe mixtures contained cDNA products derived from 
3 Mg of total mRNA. suspended in 5.0 ^1 of hybridization 
buffer (5x SSC plus 0.29c SDS). 

Hybridization and Scanning. Probes were hybridized to 
1.0-cm : microarravs under a 14 x 14 mm glass coverslip for 
6-12 hr at 60°C in a custom-built hybridization chamber (4-7). 
Arrays were washed for 5 min at room temperature (25°C) in 
low stringency wash buffer (lx SSC/0.29c SDS). then for 10 
min at room temperature in high stringency wash buffer (0.1 x 
SSC/0.29* SDS). Arrays were scanned in 0.1 x SSC using a 
fluorescence laser scanning device (4-7). fitted with a custom 
filter set (Chroma Technology. Brattleboro. VT). Accurate 
differential expression measurements (i.e.. final fluorescence 
ratios) were obtained by taking the average of the ratios of two 
independent hybridizations. 



Abbreviation: EST. expressed sequence tag. 

Data deposition: The sequences reported in this paper have been 
deposited in the GenBank data base (accession nos. U56654 -U56660). 
To whom reprint requests should be addressed, e-mail: schenad' 
cmgm.stanford.edu. 
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Cell Culture. Jurkat cells were erown in a lissue culture 
incubator (3TC and 5* CO : > in RPM1 medium supplemented 
with 10<£ fetal bovine serum. 100 M g of streptomycin per mi 
and 500 units of penicillin per ml. Heat shock corresponded to 
a 4-hr incubation at 43 C C. Phorbol ester treated cells were 
grown for 4 hr in the presence of 50 ng of phorbol 12-mvristate 
13-acetate (PMA) per ml. 

RNA Blotting. Dot blots were performed as described (4) 

DNA Sequencing. Sequences were obtained using the 
PAN132 and PAN133 primers and a 373A automated se- 
quencer, according to the instructions of the manufacturer 
(Applied Biosystems). 

Computer Graphics and Informatics. Pseudocolor represen- 
tations of fluorescent images were made with National Institutes 
of Health image software (version 1J2). Software for differential 
expression representations was purchased from Imaeing Re- 
search (St. Catherine s, ON. Canada). Sequence searches were 
made to the nonredundant nucleotide data base at the National 
Center for Biotechnology Information (NCBI) using Macintosh 
blast software. The EST data base was accessed via the World 
Wide Web (http://www.ncbi.nim.nih.gov/). 

RESULTS 

Gene Discovery and the Heat Shock Response. Microarravs 
were used to examine the heat shock response in cultured 

,^T™ ^, < Jurkat > CelU - Conlro1 (37 ° C > and heat-treated 
(43 C) cells were harvested and lysed. and total mRNA from 
the two cell samples was labeled bv reverse transcriptase 
incorporation of fluorescein- and Cv5-dCTP. respectively In 
a second set of labeling reactions, the fluorescent groups were 
swapped such that samples from control and heat-treated 

-H«at Shock 
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samples were labeled with Cy5- and f luorescein-dCTP respec- 
inSL Pa,r ° f fiuorescem Probes was hybridized to a 
lltoo-element microarray. The arrays were washed at hich 
stringency and scanned with a confocal laser scanning device 
to detect emission of the two fluorescent croups * 
Hybridation signals were observed to >95r r of the human 
. arrav e^ments, but not to anv of the Ambidopsts 
negative controls (Fig. 1). Fluorescence intensities spanned 
more than three orders of magnitude for the 1046 array 
S C rc n h tS L7 Cd (Hg - U Com P aral ^ expression analysis of 
rev«lt n C ° mr01 CCl,S in Ihe lwo experiments 

raUos of L" Kh 7? B l *l 31 diSpl3yed 3llered flu ^scence 
ratios of atlMold (Figs. 1 and 141 Of the 17 putative 

t^^^T^ TV 1 wcre induccd b > hcal 

treatment and 6 displayed modest repression (Fics. 1 and *>4) 
To determine the identity of the heat-reculated ge^nes! 
cDNAs corresponding to each of the 17 arrav elements were 
sequenced on the proximal and distal end. Data base searches 
revealed perfect matches for 14 of the 17 clones, and in ea* 
case proximal and distal cDNA sequences mapped to the same 
gene (Table 1) Of the 1046 human genes examined on the 
microarray the five most highly induced in heat-treated cells 
were heat shock protein 90a (hsp90a). dnaJ, hsp9O0. polvu- 
biquitm and Complex polypcptide-l (tcp-I) (Table 1). Three 
of the 1 7 clones did not match any entry in the public data base 
hough one of the clones (B7) exhibited significant homology* 
to an EST from Caenorhabditis elegans (Table 1). Each of the 
novel sequences (B7-B9) exhibited - 2-fold induction (Table 1) 
and relatively low.level expression (Table 2). 

To confirm the microarray results. mRNA levels for each of 
he genes were measured by RNA blotting. Each of the genes 
that displayed heat shock induction, including the three novel 
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fluorescence m.enshy ,wh,.e boxes) corresponded lo genes activated fre?t>« s ^ ™ ^ ^"tJ" ^ elemen,S ,hal dls P la y •««"«« 
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Expression Ratios 

Fig 2 Elemental displavs of activated and repressed genes. Fluorescence ratios of two-color microarray scans (Fie. U are depicted 
schematically Fluorescein-labeicd probes from Jurkat cells subjected to (A) heat shock or (B) phorbol ester treatment were compared with 
Cy5-labeied probes from untreated cells. In a second set of reactions, the fluorescent groups were swapped (see text). The data represent the average 
of the ratios from two hybridizations, excluding values in which the difference of the two ratios was greater than half the average ratio. The color 
bar corresponds to expression ratios, which are independent of the absolute expression level of a given gene. 



Table 1. MicToarray elements corresponding to differentially expressed genes 



Clone 


Row 


Column 


Ratio 


Blast identity 


Accession no. 


Bl 


24 


21 


0.5 


CYC oxidase III 


J01415. J01415 


b: 




31 


0.5 


3- Act in 


NR. X00351 * 


B3 


15 


8 


0.5 


CYC oxidase 111 


J01415. J01415 


B4 


32 


19 


0.5 


CYC oxidase III 


J0M15. J01415 


B5 


17 


8 


0.5 


CYC oxidase III 


J01415. J01415 


B6 


^i 


31 


0.5 


£-Aciin 


NR. X00351 


B7* 


5 


4 


2.0 


Novel* 


U 56653. U56654 


B8 


2 


19 


2.0 


Novel f 


V>btf>. V 56656 


B9 


14 


5 


■» *> 


Novel* 


L'56657. U56658 


BIO 


7 


S 


2.4 


Polyubiquttm 


X04803. XO4803 


Bll 


12 




2.4 


TCP-1 


X52KS2. X528S2 


bi: 


28 




2.5 


Pnlyubtquuin 


Ml 7597. Ml 7597 


B13 


14 


7 


2.5 


Polyuhiquitin 


XMK0.V XO4803 


B14 


20 


9 


2.6 


HSP9U0 


M 16660. Ml 6660 


B15 


.10 


12 


4.0 


DnaJ homoloe 


D1338K. D133K8 


B16 


10 


5 


5.8 


HSPOOo 


X0727O. X07270 


BP 


13 


16 


6.3 


HSP91IQ 


M27024. X15183 


B18 


7 


19 


20 


^•microglobulin 


S54761. M 30683 


B19 


21 


30 


21 


Novel' 


L 1 56659. U 56660 


B20 


3 


26 


i ■* 


^-microglobulin 


S54761. M30683 


B23 


1 


18 


2.6 


PGK 


Ml 1968. L00160 


b;: 




30 


3.5 


NF-«B1 


Z47744, M55643 


B23 


20 


16 


19 


PAC-1 


LI I.W. LI 1329 



Clone name, arrav position (Fig. 1). fluorescence ratio, sequence identity, and accsston number ol cDNAs that manttesicd 
a differential expression pattern w*ith probes prepared from heat shock* (Bl-17) or phorbol csicr-treatcd (B1S-23) iurkat cells. 
Oones showing >9ST< identity over 300 nucleotides were assumed to be identical to known sequences. All genes arc nuclear 
except CYC oxidase III (mitochondrial). Accession numbers reflect the highest score for proximal and distal sequence traces, 
respectrvelv. CYC. cvtochrome c: TCP-1, T-complex polypeptide: HSP. heat shock protein: PGK. phosphoelycerate kinase: 
NF-ftB. nuclear' factor-kappaB: PAC-L phosphatase of activated cells, and NR, trace noi readable due to the presence of 
polv(A)* tract. 

•B7 is 67Tc identical to an EST from C elegant (D76026). 
f No match in the public data bases. 
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B23 



Blast iden tity 

CYC oxidase III 
0-Actin 

CYC oxidase III 
CYC oxidase III 
CYC oxidase III 
0-Aetin 

Novel (weakiy to D76026) 

Novel 

Novel 

Polyubiquiiin 
TCP-1 

Polyubiquiiin 

Polyubiquiiin 

HSP90JS 

DnaJ homolog 

HSP90* 

HSP90o 

^-microglobulin 
Novel 

^microglobulin 
Phosphoglyceraie kinase 
NF-KB1 
PAC-1 



/2.5 



RNAbiot 

100/80 
270/280 
ND 
ND 
ND 
ND 
0.77/1.8 
1-5/3.4 
1-2/1.8 
25/89 
7.1/27 
ND 
ND 
30/120 
1.6/13 
3.2/29 
8.6/62 
5.4/15 
4-5/9,5 

ND 
4.7/9.2 
0.65/4.7 
0.21/15 



Shown are expression levels per 100 000 m D w a , , " 0 21/15 7l" 



^S'SSSS^ mRNA ,eVdS * dot bl °' "naivsis 
the heat shock experiment rfable 2 t£ ,* " ' demificd in 

treated c ells relatjve £ gltf** « w " 

sequenced. Data b«^ ear /h« " arrJ >' elemen « *ere 

^e of ,he six se quenc ;r?TXn ^ PerfeC * ma,CheS for 
induced genes were the />Jr U ,w ° m <Kt highly 
nuclear facto" ^ '£ Phosphatase Ld 

observed for phosphoglvceraSlSnL ,° d f i aC,,Va,ion was 
(Table 1). One remainlfdone fBm did „ /^'r^"''" 
in the public data b^fTrtte S B» h".'"" 1 ?"" 5 ' emr - v 
induction and. similar to £ „ 0 v e | £2 S? yed 3 2Mo,d 
tivelv low absolute ex D r««;„„ Z , shock « enes - a ^la- 
the phorbo. e^!e inXSefd S b,K H land 2) ' A " sU ° f 
state mRNA levels ^KfcSffi,^? - S,ead '- 

•iCXoISSi £S ,o r m S o U n e !:o TO 

human tissues, probes were ^ZZ^LT^ 



prepared bv lit iff i"" 81 P«*e was 
The four CyMabeied prote w^Ik 1 f ' uore * ein -<CrP. 
of the fluorescein-labeled I ™m™. ? W<d w " n an aliou ot 

washed and scanned fn, microarr ays. The arrays were 

Nation signalff^each of the°jr enCe emiSSi ° n - and W 
to the JurL comro fo g ne » te aTeS" We * r "°»" a «*d 
of the 1046 clones presf m on the VrST Pr ° f " e Cach 
^I^^^^V-' 15 of the hea, 

gene in Jurkat cells rorwuKfi" lhe I M P ress,on ,e «' of each 
the four tissues S^We " F,/ 3 T r ' ^ Wi ' h e * preSsion in 
cytochrome c tol&^Z™ 0 *** ™* 

genes ,n Jurka, cel.s (Table "° ^fi^**™***** 15 

DISCUSSION 

Ss of ,S idem " i ? J ,n ,h,s stu * «■* 

temperatures. 3 S^^S^ al 
mation must be selectively d g ? U °d U0- S" re^- 
esting io determine wh^iK.f .u ^ '* 1 Wl " bc Inlcr " 
induciWe sequ en « J 6 ,. 1 ""* novel "«« 'hock- 
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Heart 

Prostate 
dram 

Bone Marrow 




Heart 
Prostate 
Brain 
Bone marrow 




Heart 
Prostate 
Brain 
Bone marrow 



ie«Uied««^ P ' 0fi ' eS °' h "' Sh0ck and P h °' M ester- 
regulated genes Gene expression levels per 100.000 mRNAs 
are shown to, 15 genes (Table 1) in human boneTarTow "a.n 
(green). P ,os.a>e (blue), and heart (vellow). Geno a « t ouoed 
accord.ng to expression levels (A-Q. grouped 
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Phoibolester.apoiemacth-aiorofproteinkinaseC/iA 17, 

a role i™,?. " 3 nUC ' Mr ,vrosine kina « « h « nuv plav 
(18? Vp t %* Mm * 'nwcripiion and cell ode profession 
(18). NF-nBl. a second phorbol esier-inducible cene Tm 

f > , The Rd pro,ems are «.ivated bv a larce 

* ' nC,Uding phorbo1 ««»■ bac e! 

nal and viral pathogens, and ultraviolei liehi (19-^1) Mod«i 

S?S nSfK?- e$ '^- mC,UdinS P"«phoglvcerat e ki- 
nase. ^-microglobulin, and a novel human cene (B19) Ex- 

understandmg ho* each of these genes in'tecrate into he 
high* complex phorbol ester signaling pathway 

wi „ B a n ,r ,i' ng lh ,Wr n ° Vel human « en « Covered 
because the L°J ,1°°? ™?°? Jr Chosen c,ones - P a " ic «' a "v 
havt teV„\n im 3nd L phorbo1 es,er si ? nali "S P«hwavs 
oV *«?<, ° mcni,vel J « ud * d (10-21). Thefacile discovery 

b u£d for/ene eS H UnderSC ° reS lhe fa « ,ha ' ™croarravs can 
pe used for gene discovery in the absence of anv senior.. 

fiSHT By ,h / 5 aPPf0aCh - c '°"« a "e chosen a. rdom 

Led Tn^Lr?! ?' 0 " P3Hen,S are se *""«d and character- 
m« faS ,?t f ^° Upled wi,h a modes « DNA sequenc 

m^wf f h " ? C '! Va,ed or re P r «*d bv a given stimulus 
PvS D«Tf C,U " ,0 ,he «'"" a r Pathway involved 
n;,url"«n n ^ H Xam i na, ' 0n ° f these * ene expression "sig. 
natures can provide a dynamic view of the mode of action nf 

a.lorra D rr n "f h SUbS,anCe (22 " 24) - Microa ™ » 
t ap * ^"-".c examination of hormones, drugs. 

ana «honrl^ Sma1 ' moleeule * moreover, functional 
analysis of transcription factors, kinases, growth factors cvto- 

Efffn/arfunH • ° lh V gene P^ducts 8 should be fJossTb t 
gies to enabroXn' ° deVe '° P I" RNA ™P"f'«'i°n«r* e : 
TwL^SJt. P u P. r , epara " on bom minute tissue samples. 

SnTc^^ 

tra«c^ re , n h a de,eC!i0n limi ' ° f ,he allows nionitoringof 
mfWATM 10 fn,^ 6 "' - 1:500 00 ° <•«/*«) of the wtal 
J". . 1 71,15 10 -f°'d increase m sensitivitv compared with the 

3 'T" (4) W3S achieved lar 8 e| v bv modifvTni Ee 
couphng chemistry, which reduced background fl U "r«cence 
The sigmficance of this improvement is considerable^^ 

uichiding all four novel sequences, exhibited expression leveb 
below the ongmal detection limit of 1:50 000 (4) 

achieved 3 bv'^h '° dC 7 Cl 2 - f °' d Ctan «« in «P«*to" *« 
achieved by the use of two-color fluorescence in the label.no 

2£w« a r SChCmeS - digi,iZ6d d3,a C0 "«' i0 « " d ™ S 
S fee. ih« VT"? 16 ? °, f * hiS Capabili, >- is ""derscored by 
<* fnM 2, arlV a " ° f ,he genes examined here exhibited 

showed < "Vo.h" eXPrCSSi0n ' The f0Ur " 0vel « en «- "bich 
showed s..2-fold act.vation. were probably overlooked in 

Tech!" 5 '"f CnS ' hal " Sed "^"io"! differential expr«ion 
of , he 2,> ma> ' " e P ^ SSible ,0 fur,her im P ro « 'he Precis on 
»nl m,croarrav _ a " a . v by «he use of closely related fluoresce"" 

?e" Sns SU * > Cy5 " ,he ' abe,ing and 

tenlfia.^^t °"" " " Unlber ° f adva "' a Ses over other po- 
S.. ? P * C, V y a PP roaches «° expression analysis. The 
chip-based approach enables small hybridization volumes high 

de^ectilr^r- and -ri he ° f flu °^«« labeling and 
detection schemes. These features provide a set of perfor- 
mance specifications that are unattainable with r.lier^based 
E aCheS (25 '. r 26 > ^ •« <* 'DNA clones p ovid«Ty 
br.d«a«,on specificity that is no, readily attained with oligT 
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nucleotide arrays (27-30). The parallel format of the assay 
provides a simultaneous differential expression readout for 
>1000 genes. This contrasts with sequencing-based methods, 
which require serial data collection for expression analysis (31. 
32). A commercial source of cDNA microarrays would greatly 
speed the use of a chip-based approach to expression analysis. 

The availability of large numbers of ESTs (3) provides a rich 
resource of human cDNA clones for microarraying. The 
> 400,000 ESTs in the public data bases represent a significant 
subset of all human genes (3. 33). Microarrays of thousands of 
ESTs will provide a powerful analytical tool for future human 
gene expression studies. The - 100.000 genes in the human 
genome (2. 33) emphasize the need for microarrays of greater 
density. Attempts to improve microdeposition techniques are 
underway and should allow construction of arrays containing 
a complete set of human gene targets (http://cmgm.sianford. 
edu/-schena/). Microarrays of -100.000 cDNA elements 
would allow expression monitoring of the entire human ge- 
nome in a single hybridization. This capacity, coupled with 
detailed biochemical analysts of the individual gene products, 
would greatly speed the functional analysis of the human 
genome. 
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26. 



iAjdlD seouence toioMng Ser«* and occurs wtrm 
f tne ooman of Arflp mm snows homology wflh hJD£ 
(14). To oetoe the eornpfcte STE23 secure and 
cmaie tne stB23l\VRA3 mutation, pofymerase chan 
reaction (PCR) primers (5 ' -TCGGAAGACCT CAT- 
TCTTGCTCATTTTGATATTGCTC* TGTAGAT7&. 
TACTGAGAGTGCAC-3'; and 5'-GCTACAAACAGC- 
GTCGA.CTTGAATGCCCCGACATCTTCGACTGT- 
GCGGTATTTCACACCG-3') were used to amptfy 
the URA3 sequence of pftS3i6. ana the reacoon 
orooua was irantftf n wo no yeast forone-srep gene 
replacement |R Rotftsten Memoes Errymoi. 194 
281 (1991)]. To create the axil£L'±EU2 mutatcn corv 
taneo on piu t a 5.0-Kb Sal t fragment from pAXL? 
was coned into PUC19. and an internal 4.0-*b Hpa 
»-»io I fragment was reptaced with a LEU2 fragmem. 
To consmrt the ste23k:LEU2 aleJe (a deletion cor- 
responoVig 10 931 amno aods) cameo on pi 53. a 
i£U? fragment was used to replace the 2.8-kb Pmf 
»-€cJ1 36 0 fragment of S7S3, when occurs wtthn a 
6 2£> Hnd ul^Boj D genome fragment cameo on 
PSP72 (Promega). To create YEpMFAl, a 1.6*b 
Bam Hi fragment contarmg MFA1. from OKK16 IK. 
Kuchier. R. E. Sterne. J. Thomer. EMBO J. 8. 3973 
d 989)]. was boated into the Bam HI are of YEo35l p. 
E. Hffl. A. M. Myers. T. j. Koemer. A. TzagoJof!. Yeast 
2. 1630986)]. 
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B. W. Matthews. Ace Cham. Res. 21. 333 (1988). 
K. Kuchtef. H. G. Dohiman. J. Thomer. J. Cei! Biol. 
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GeneMO. 328 (1994); and J. R. Pringte J 
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G. F. Sorague Jr., Methods. Enzymot. 194 77 
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Single-letter abbreviations for the amino acid resi- 
dues are as follows; A. Ate; C. Cys; 0, Asp; E. Gtu* F 
Pne: G. Gry; H. His; I, lie; K. Lys; L Leu: M, Met: V 
Asn; P. Pro; Q, On;RArg: S. Ser; T. Thr; V. Vai; W 
Trp; and Y. Tyr. 

A W303 1A oenvatve. SY2625 (M4Ta ua3-1 ieu2-3, 
1 12 trp 7 - ; aoe2- 7 can 7- 700 sst 7 A mta2&::FU$l - feci 
te3l.: FUS 1 -H!S3\, was the parent strain for the mutant 
search. SY2625 derivaoves for the mating assays, se- 
ated preromone assays, and the putee-chase exper- 
«ments included the fotowing strains: Y49 ista22-1) 
YH5 vntalX:LEU2i, Y142 (atfl.vU«43) Y173 
ia</7i;La^.Y220(atf7.vLm3sre23l.vUR45) Y221 
{ste23L,VRA3). Y231 <a*7*:LEU? s?e?3A:i£UZ} 
and Y233 iste23XXBJ2\. MAT Q oenvatrves of 
SY2625 included the following strains: Y199 
(SY2625 made MATa). Y278 \ste22-1) Y195 
(mfaiA::LBJ2), Y196 (atf7A;.t£U2), and Y197 
iaxn:.URA$- The EG123 (MATa ura3 trp? canT 
rt/s4) genetic background was used to create a set of 
strams fa analysis of bud site selection. EG 123 de- 
nvatives inouded the following strains: Y175 
\axntL:L£U2\. Y223 (a)tf7:;U/M3). Y234 \sta23tL' 
LEU2). and Y272 &dlL::LEU2 Sta23L::L£U2) 
MATa derivatives of EG 123 included the fotiowing 
strams: Y214 EG123 made M47o) and Y293 
(ax/7A.vi£U2). All strams were generated by means 
of standard genetic or rnotecutar methods rrvorvmg 
the appropriate constructs (23). In particular the ax/7 
ste23 oouote mutant strams were created by cross- 
•ng of the appropriate MATa sta23 and MATa axil 
mutants, toflowed by sponiation of the resuttant dip. 
lotd and tsotation of the doubie mutant from nonoa- 
remal d»-type tetrads. Gene disruptions were corv 
frmeo with either PCR or Southern (ONA) anarysis 
0l29isaYEp3S2(J.E.Hil.A.M.Myers.T.J Ko- 
emer. A. Tzagoiofl. Yeast Z 1 63 (1 966)] cfesnfe con- 
tanng a 534<b Sal I fragment of pAXL7. P 151 was 
derived from pi 29 by insertion of a linker attheBolS 
site wfthm AXL h which tod to an irvframe hsertionof 
tner»ernag^tuiJw(HA)eor^(DOY 
between amno ac^SW and 855 of the AXL 7 prod- 
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^T^J^ S'-GTGCTCAC^AC^: 
GQ£AACCGGC-3'; axf7-£77A. 5*-AAGAATCAT- 
GTGCGCACAAAGGTGCGC-3*: and a*7-£770 5'. 
AAf^TCATGTGATCAC^AAGGTGCGC-3T 'The 
"^taaorttwereconfrTT^byse^ Af- 
ter mutagenesis, the 0.4-kp Bam hfr-Msc 1 fragment 
from the mutagencea pC225 ptasmtis was trans, 
terred rnopAXL? to createa set of pRS3i6piasmos 
carrymg different AXL) aflees. p124 taxJi-H5&4) 
0H0iaxtUE7iA). ana pi32 (atf7-£77a SirmarK- a 
set of HA-tagged ateies earned on YEp352 were cn> 
aadafter repiacsment of the p15i Bam HJ-Msc I 
fragrnant to generate P161 (arf7-£77A), pi 62 (arf7- 
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The temporal, developmental, topographi- 
cal, histological, and physiological patterns 
in which a gene is expressed provide clues to 
its biological role. The large and expanding 
database of complementary DNA (cDNA) 
sequences from many organisms (J) presents 
the opportunity of defining these patterns at 
the level of the whole genome. 

For these studies, we used the small flow- 
enng plant Arabidopsis thaliana as a model 
organism. Arofctdopsts possesses many ad- 
vantages for gene expression analysis, in- 
eluding the fact that it has the smallest 
genome of any higher eukaryote examined 
to date (21 Forty-five cloned Arabidopsis 
cDNAs (Table 1), including 14 complete 

/cc? nCC$ 3nd 31 cx P ressed sequence tags 
(ESTs), were used as gene-specific targets. 
We obtained the ESTs by selecting cDNA 
clones at random from an Arofcidopsis 
cDNA library. Sequence analysis revealed 
that 28 of the 31 ESTs matched sequences 
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'nS!^* 5 * (Table 11 Ttatc additional 
cDN As from other organisms served as con- 
trols in the experiments. 

The 48 cDNAs, averaging —1.0 kb ( 
were amplified with the polymerase chain 
reaction (PCR) and deposited into indi- 
vidual wells of a 96-well microtiter plate. 
Each sample was duplicated in two adja- 
cent wells to allow the reproducibility of 
the arraying and hybridization process to 
be tested. Samples from the microtiter 
plate were printed onto glass microscope 
slides in an area measuring 3.5 mm by 5 5 
mm with the use of a high-speed arraying 
machine (3). The arrays were processed by 
chemical and heat treatment to attach the 
DNA sequences to the glass surface and 
denature them (3). Three arrays, printed 
in a single lot, were used for the experi- 

vr£ U HerC " A Single microtit « P^te of 
PCR products provides sufficient material 
to print at least 500 arrays. 

Fluorescent probes were prepared from 
total Arabidopsis mRNA (4) by a single 
round of reverse transcription (5). The Ara- 
fcdopsis mRNA was supplemented with hu- 
man acetylcholine receptor (AChR) mRNA 
at a dilution of 1 : 10,000 (w/w) before cDNA 
synthesis, to provide an internal standard for 
calibration (5). The resulting fluorescently 
labeled cDNA mixture was hybridized to an 
array at high stringency (6) and scanned 

467 



with a laser (3). A high-sensitivity scan gave 
signals that saturated the detector at nearly 
all of the AraWopJiJ target sues (n* Uj). 
Calibration relative to the AChR mRNA 
standard (Fig. 1A) established a sensitivity 
limit of - 1 :50,000. No detectable hybndua- 
t,on was observed to either the rat glucocor- 
ucoid receptor (Fig. 1A) or the yeast TRP4 
(Fig. 1A) targets even at the highest scan- 
ning sensitivity. A moderate-sensitiviry scan 
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of the same array allowed linear detection of 
the more abundant transcripts (Fig. IB). 
Quantitation of both scans revealed a range 
of expression levels spanning three orders of 
magnitude for the 45 genes tested (Table 2). 
RNA blots (7) for several genes (Fig. 2) 
corroborated the expression levels measured 
with the microanay to within a factor of 5 
(Table 2). 

Differential gene expression was invest.- 
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gated with a simultaneous, two-colo: hv- 
bridization scheme, which served to mini- 
mue experimental variation inherent in the 
comparison of independent hybridizations. 
Fluorescent probes were prepared from rvo 
mRNA sources with the use of reverse tran- 
scriptase in the presence of fluorescein- and 
lissamine-labeled nucleotide analogs, re- 
spectively (5). The two probes were then 
mixed together in equal proportions, hv- 
bridi:ed to a single array, and scanned sep- 
arately for fluorescein and lissamine emis- 
sion after independent excitation of the two 
fluorophores (3). 

To test whether overexpression of a sin- 
gle gene could be detected in a pool of total 
Arabidopsis mRNA, we used a microanay to 
analyze a transgenic line overexpresstng the 
single transcription factor HAT4 (8). Fluo- 
rescent probes representing mRNA from 
wild-type and HAT4-transgenic plants were 
labeled with fluorescein and lissamine, re- 
spectively; the two probes were then mixed 
and hybridized to a single array. An intense 
hybridization signal was observed at the 
position of the HAT4 cDNA in the lissa- 
mine-specific scan (Fig. ID), but not in the 
fluorescein-specific scan of the same array 
(Fig. 1C). Calibration with AChR mRNA 
added to the fluorescein and lissamine 
cDNA synthesis reactions at dilutions of 
'1:10,000 (Fig. 1C) and 1:100 (Fig. ID), 
respectively, revealed a 50-fold elevation of 
HAT4 mRN A in the transgenic line rela- 
tive to its abundance in wild-type plants 
(Table 2). This magnitude of HAT4 over- 
expression matched that inferred from the 
Northern (RNA) analysis within a factor of 
2 (Fig. 2 and Table 2). Expression of all the 
other genes monitored on the array differed 
by less than a factor of 5 between HAT4- 
transgenic and wild-type plants (Fig 1. C 
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HAT* transgenic 
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Ra 1 Gene exoression monitored with the use of cONA microairays. Fluorescent scans represented in 
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corresponding to mRNAs expressed in leaves (F). 



1.0 0.1 0.01 1J0 0.1 oot 
mRNA (fig) 




20 2.0 02 
mRNA (no) 

Fig. 2. Gene expression monitored with RNA 
(Northern) blot analysis. Designated amounts d 
mRNA from wild-type and HAT4-transgenic 
plants were spotted onto nyton membranes and 
probed with the cDNAs indicated. Purified human 
AChR mRNA was used for calibration. 
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and D f and Table 2). Hybridization of flu- 
oiescein-labeled glucocorticoid receptor 
cDNA (Fig. 1C) and lissamine-labeled 
TRP4 cDNA (Fig. ID) verified the pres. 
ence of the negative control targets and the 
lack of optical cross talk between the two 
fluorophores. 

To explore a more complex alteration in 
expression patterns, we performed a second 
rwo-color hybridization experiment with 
fluorescein, and lissamine- labeled probes 
prepared from root and leaf mRNA, respec- 
tively. The scanning sensitivities for the 
two fluorophores were normalized by 
matching the signals resulting from AChR 



mRNA, which was added to both cDNA 
synthesu reactions at a dilution of 1:1000 
(Fig. I E and F). A comparison of the scans 
revealed widespread differences in gene ex. 
pression between root and leaf tissue (Fig. 1 

i ^ /i'n?" mRNA hom ** light-regu- 
lated CAB1 gene was ^500-fold more abun- 
dant in leaf (Fig. IF) than in root tissue 
tfig. IE). The expression of 26 other genes 
differed berween root and leaf tissue by 

iheHAT4-transgenic line we examined 
has elongated hypocotyls, early flowering 
^r germination and altered pigmentation 
W- Although changes in expression were 



Table 1. Sequences contained on the cDNA rnicroarrav Shnww. « ^ ^. 

function, and the accession number of each cT*2£^ ^om or putative 

« this study matched a sequence in t^dlS^SS^S&i ^^^^ the ESTs used 
dinucieotide; ATPase. adenosine tnphosphaias^G^, mJS^S^^ adenine 




a1,2 
a3.4 
a5.6 
a7, 8 
a9 t 10 
all, 12 
bl,2 
b3.4 
b5.6 
b7, 8 
b9, 10 
b11. 12 
c1, 2 
c3,4 

c5. 6 

c7,8 

c9, 10 

c11. 12 

d1.2 

d3.4 

d5.6 

d7. 8 

d9. 10 

dn. 12 

el, 2 

e3. 4 

e5. 6 

e7, 8 

e9. 10 



,2 
. 4 



12 



el 1 

fi 

f3 

f5. 6 

f7.8 

19, 10 

f11 

9L2 

93,4 

95.6 

97.8 
99. 10 
911. 12 
M.2 
h3,4 
h5, 6 
h7,8 
h9 t 10 
h11. 12 
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AChR 
EST3 
EST6 
AAC1 
EST12 
EST13 
CABI 
EST17 
GA4 
EST 19 
GSF-7 
EST23 
EST29 
GBF-2 
EST34 
EST35 
EST41 
rGR 
EST42 
EST45 
HAT1 
EST46 
EST49 
HAT2 
HAT4 
EST50 
HATS 
EST51 
HAT22 
EST52 
EST59 
KNAT1 
EST60 
EST69 
PPH1 
EST70 
EST75 
EST 78 
ROC1 
EST82 
ESTB3 
EST84 
EST91 
EST96 
SARI 
EST100 
EST103 

mP4 



Human AChR 
Actm 

NADH dehydrogenase 
Actin 1 

Unknown 
Actin 

Chtefophytl a/b binding 
Phos Pnoglycerate kinase 
GtobereHic acid biosynthesis 
Unknown 

G-box-bcnding factor 1 
- Elongation factor 
Aldolase 

G-box binding factor 2 
ChJoropiast protease 
Unknown 
Catalase 

Rat glucocorticoid receptor 
Unknown 
ATPase 

Homeobox-teucine zipper 1 
Light harvesting complex 
Unknown 

Homeobox-teucine zipper 2 
Homeobox-teucine zipper 4 
Phosphoribulokinase 
Homeobox -leucine zipper 5 
Unknown 

Homeobox-teucine zipper 22 
Oxygen evolving 
Unknown 

Koorred-fike homeobox 1 
RuBisCO small subunrt 
Translation elongation factor 
Protein phosphatase 1 
Unknown 

Chtoroptast protease 

Unknown 

CyctophHin 

GTP binding 

Unknown 

Unknown 

Unknown 

Unknown 

Synaptodrevin 

Mgnt harvesting comptex 

Light harvesting comptex 

Yeast tr yptophan biosynthesis 

•Propr^taryseQuerceofStratagerwMJo^ tNn m^-,— ^ ■ 

^ tno match n the database; novel EST. 



H36236 
227010 
M20016 
U36594T 
T45783 
M85150 
T44490 
L37126 
U35595t 
X63894 
X52256 
T04477 
X63895 
R87034 
T14152 
T22720 
M14053 
U36596t 
J04185 
U09332 
T04063 
T76267 
U09335 
M90394 
T04344 
M90416 
233675 
U09336 
T21749 
234607 
U14174 
X14564 
T42799 
U34803 
T44621 
T43698 
R65481 
L14844 
X59152 
233795 
T45278 
T13832 
R64816 
M90418 
218205 
X03909 
XD4273 



oberved for HAT*, Urge chan,« m fx . 
£7' n0t ^ anv or t tc 

somewhat surprising, particularly because 

.denied 2 / differentially exposed genes. 
Analyse of an expanded set of genes mav be 
required to identify genes whose expression 
changes upon HAT4 overexpression; alter, 
natively, a comparison of mRNA popuia- 
uons from specific nssues of wild-rype and 
^/4.transgenic plants may allow identi- 
tication of downstream genes. 

At the : current densiry of robotic printing, 
"fc-*^ to scale up the fabrication r2 
« » produce arrays containing 20,000 

would be sufTxcent to provide gene-specific 
targets encompassing nearly the entire rep- 
ertoire of expressed genes in the Arabdotms 
genome (2). The availability of 20,274 ESTs 
from Arabidopsis (2,9) would provide a rich 
source of templates for such studies. 

The estimated 100,000 genes in the hu- 
man genome (JO) exceeds the number of 
Arabidopsis genes by a factor of 5 (2). This 
modest increase in complexity suggests that 

S ™ A miCr0amyS ' P^S from 
^rapidly growing repertoire of human 
toTs (J), could be used to determine the 
expression patterns of tens of thousands of 
human genes in diverse cell types. Coupling 
an amplification strategy to the reverse 
transection reaction (11) could make it 
feasible to monitor expression even in 
minute tissue samples. A wide variety of 
acute and chronic physiological and patho- 
logical conditions might lead to character- 
istic changes in the patterns of gene expres- 
sion in peripheral blood cells or other easily 
sampled tissues. In concert with cDNA mi- 
croarrays for monitoring complex expres- 
sion patterns, these tissues might therefore 
serve as sensitive m vivo sensors for clinical 
diagnosis. Microarrays of cDNAs could thus 
provide a useful link between human gene 
sequences and clinical medicine. 



Tabled. Geoe expression rronftoring by rrtcroe/- 
ray and RNA Wot analyses; tg, W4%n^. 
See Table 1 for additional gene nforrrS^ 

nf^l ^ <w/w) catibra "* wfth the we 
of known amounts of human AChR mRNA. Values 
for the mrcroarray were determined from rricraar. 
ray scans Fig. 1); values for the RhuTbSTw^ 
determined from RNA blots (Rg 2) 
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Gene 


Expression to 


*i(w/w) 




Microarray 


RNA blot 


CABI 
CABlftg) 
HAT 4 
HAT4(tg) 
ROC1 
ROC1 (tg) 


1:48 

1:120 

1:8300 

1:150 

1:1200 

1:280 


1:83 

1:150 

1:6300 

1510 

1:1800 

1:1300 



REFEREN CES AND NOTES 

5C «TWlESTd«aM«(«)EST'«a»M^> 
t, M Natonal C«er tor »™*gg^ 
(Bethasda. MO) ecrtans a total of 32"»*v 
mekjona 255.645 trom W r«*nan genome 

. world Wide Weo (rnmy/www.na».rtm^n.9ov)^ 
M. Meyero-te and R E. Wti .Sbw » 1 |M 

7 i69n 986*i.Hwangeia/..fl^J. 

MO/. G*. G^ 245.390 (1»4). 

Snaton. mess, Stanford *>^^j^— T 
jPO Brown, in preoaraton. Meroarrays were 
nested on pory-i-tysne-coated 

(S»gma) with a custom-bun arraymg ™a<*we 

xjuct (0 5 mg/ml) trom 96-weH mcromer plates 

»ngof500|im.Theprwtteds*3es^^ 
Zr 2 hours in a hum* cnamocr. snao-dned « 
rc tor 1 min. nnsed in 0.1% SDS. and treated 
n 0.05% succrtc anhydnoe prepared r buffer 
nssww of 50% Vmetny(-2-pyrjohdinone ^and 
* t>onc acid. The cDNA on ^^J^^T 
2d in distilled water tor 2 mm at 90 # C tfnmediatety 
'ore use. Mcroarrays were scanned with a laser 
descent scanner mat contained a «>rnputer-con- 
ied XY stage and a microscope obiectrve. A mixed 
■ muttibne laser allowed sequential excitation of 
iwofluoropnores. En^ed was sptt accord- 
to wavelength and detected ^^^°± 
er tubes. Signals were read into a PC with the use 
1 1 2-bit anatog-to-digna) board. Additional details 
rBcrc^rraytabncaw 

ans of e-mail (ptjrcwndcmgm. stantord.edu). 
A Ausube! et at. Eds.. Curwnt Promote * Mo- 
tor Botogy (Greene & VWey intersoence. New 

k. 1994), pp. 4.3.1-4.3.4. 

yadenytated [poMAT I mRNA was preoa^from 
^RNAwimtheuseofObgotex-<JT re»n(Ctegen^ 
^rse tra/iscnptton (RT ) reactions were camedout 
i a StrataScnpt RT-PCR Mt (Stratagene) modrfted 
follows: 50-mJ reactions contained 0.1 ng/^jJ of ■ 
oidopsts mRNA. 0.1 ng/»J of human AChR 
h4A. 0.05 *g/vl of o6go(oT} (2i-mer). i* first 
nd buffer, 0.03 U/»J of rtoonudeaseWoek. 500 
deoxyadenosme triphosphate <d*TP)J00 
xyguanosre tnphosphate. 500 ^ oTTP. 40 
oeoxycytosne tnphosonate (oOn 40 nW I ta- 
5cein-l2-dCTP (or bssan*ne-5-dCTP). and 0.03 
j of StrataScript reverse transcriptase. Reactions 
e incubated for 60 min at 37*C. precipitated with 
mol andresusoendedinl0»iJofTE00mMtns- 
and 1 mM EDTA, pH 8.0). Samples were men 
ied for 3 min at 94*C and chilled on ce. Tne RNA 
i Degraded by adding 0.25 of 10 N NaOH 
wed by a 10-min incubation at 37 # C. The sam- 
i were neutralized by addition of 2.5 mJ of 1 M 
CI (DH 8.0) and 0.25 »ti of 10 N HO and predp- 
*1 with emanol. Pellets were washed with 70% 
anol dried to completion in a speecvac. resus- 
ded in 10 *J of HjO, and reduced to 3.0 pJ in a 
edvac. Fluorescent nucleotide analogs were ob- 
ledtrcfflNewEng^NudearfPuPont ). 
Lnoaation reactions contained 1.0 mJ of ftx* ascent 
1 4A synthesis product (5) and 1 .0 ») of hytwcjabon 
er [10x saline sodium atrate (SSQ and 05% 
3]. The 2.0-td probe mbetures were atquoted onto 
microarray surface and covBtedw«m cover saps 
1 mm round). Arrays were transferred to a hybrid- 
on chamber (J) and incubated tor 18 hours at 
Z. Arrays were washed for 5 rrin at room temper- 
e (25"C) in icw-stnngency wash buff er jtxjS C 
0 1%SDS). then for 10 rem at room temperature 
gn-strtngency wash buffer (0.1 x SSCandO.1% 
Arrays were scanned in 0.1 x SSC wim tne use 
fluorescence taser-scannrig devce (3). 
Iiples of poMAT mRNA {4. 5) were spotted onto 
n membranes (Nytran) and crossiinRed with ul- 
olet light with the use of a Stratahnker 1800 
utagene). Probes were prepared by random 
Lng with the use of a Prime-tt II kit (Stratagene) m 
'xesence of P^dATP. HytKidzations were car- 
out according to the instructions of the manu- 



facturar. Q ua n titatio n was performed on a ft**' 
pnonrnaoer (Motocular Dynamcs). 

8 M. Schena and R. W. Dave. Prcc Natl. Acad Sa 
USA 89, 3894 (1992); M. Schena. A. M. Uoyd. R. 
W. Oavts, Genes Dev. 7. 367 (1993); M. Schena and 
R. W. Davis. Proc Nat Acad. So. USA 91. 8393 
(1994). 

9 H Hofteet a/.. Want J. 1051 (1993): T. Newman et 
a/.. Plant Pnysiot. 106. 1241 (1994). 

10. N. £. Morton, Prcc NatL Acsd. Sd. U.SA 88. 7474 
(1991)- E. D. Green and R. H. Waterston. J. Am. 
Med. Assoc 266. 1966 (1991); C. Beianne-C hame- 
tot. Caff 70. 1059 (1992): D. R. Cox et a/.. Science 
265.2031 (1994). 

n. E. S. Kawasaki et a/.. Prcc Natt. Acad. So. USA 
85. 5698 (1988). 



12. The laser fkxrescent scanner was oesoneo ana taan- 
catad rx ooiaoonnon wnh S. Smnn of Surttpro Unrve** 
sty. Scanner and anatyss software was oeveccec b> 
RXXa.ThesucancartMJnoereacwwassuo^^ 
ed by J. Mutgan and J. Van Ness of Oarwr Moecuar 
Caporaoon. Thanks to S. Theoxgs. C. Somerv^t. k 
Yarnamoto. and rnamoers of the taooratones o< R.W.C 
and P.O.B. tor erne* commants. Suppo rted b y tne 
Howard Hughes Mescal msmute and by grants from 
NIH (R21HG004501 (P.OB.) and R37AG00195 
(R.W.D.)) and trom NSF (MCB910601 1) (R W.D.I and 
by an NSP graouate tetowsno (D.S.V P-O.B- o an 
assistant nvestigator of me Howard K^nes Medcai 
mstituie. 

1 1 August 1995: accepted 22 September 1995 



Gene Therapy in Peripheral Blood 
Lymphocytes and Bone Marrow for 
ADA" Immunodeficient Patients 

Claudio Bordignon,* Luigi D. Notarangelo, Nadia Nobili, 
Giuliana Ferrari, Giulia Casorati, Paola Panina, Evelina Mazzolan, 
Daniela Maggioni, Claudia Rossi, Paolo Servida, 
Alberto G. Ugazio, Fulvio Mavilio 

Adenosine deaminase (ADA) deficiency results in severe combined immunodeficienqr. 
STiS genetic disorder treated by gene therapy. Two different retroviral vectors ; were 
used to transfer ex vivo the human ADA minigene into bone marrow cells and penpherai 
blood lymphocytes from two patients undergoing exogenous enzyme replacement ther- 
apy After 2 years of treatment, long-term survival of T and B lymphocytes marrow cel^ 
and granulocytes expressing the transferred ADA gene was demonstrated and resulted 
in normalization of the immune repertoire and restoration of cellular and humoral immunity. 
After discontinuation of treatment T lymphocytes, derived from transduced P^*™ 
blood lymphocytes, were progressively replaced by marrow-derived T cells ir Hbcrth pa- 
tients. These results indicate successful gene transfer into long-lasting progenitor cells, 
producing a functional multilineage progeny. 



Severe combined immunodeficiency asso- 
ciated with inherited deficiency of ADA 

(1) is usually fatal unless affected children 
are kept in protective isolation or the im- 
mune system is reconstituted by bone mar- 
row transplantation from a human leuko- 
cyte antigen (HLA)-identical sibling donor 

(2) . This is the therapy of choice, although 
it is available only for a minority of patients. 
In recent years, other forms of therapy have 
been developed, including transplants from 
haploidentical donors (3,4), exogenous en- 
zyme replacement (5), and somatic-cell 
gene therapy (6-9). 

We previously reported a preclinical mod- 
el in which ADA gene transfer and expression 
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successfully restored immune functions in hu- 
man ADA-deficient (ADA") peripheral 
blood lymphocytes (PBLs) in immunodefi- 
cient mice in vivo (JO, J I). On the basis of 
these preclinical results, the clinical applica- 
tion of gene therapy for the treatment of 
ADA" SCID (severe combined immunodefi- 
ciency disease) patients who previously failed 
exogenous enzyme replacement therapy was 
approved by our Institutional Ethical Com- 
mittees and by the Italian National Commit- 
tee for Bioethics (12). In addition to evaluat- 
ing the safety and efficacy of the gene therapy 
procedure, the aim of the study was to define 
the relative role of PBLs and hematopoietic 
stem cells in the long-term reconstitution of 
immune functions after retroviral vector-me- 
diated ADA gene transfer. For this purpose, 
two structurally identical vectors expressing 
the human ADA complementary DNA 
(cDNA), distinguishable by the presence of 
alternative restriction sites in a nonfunctional 
region of the viral long-terminal repeat 
(LTR), were used to transduce PBLs and bone 
marrow (BM) cells independently. This pro- 
cedure allowed identification of the origin of 
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Plaid n g thit T W traT.»< rr 

This invention relates to a method and apparatus 
for fabricating microarrays of biological samples for 
large scale screening assays, such as arrays of DNA 
samples to be used in DNA hybridization assays for 
genetic research and diagnostic applications. 
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Background of the invention 

A variety of methods are currently available for 
making arrays of biological macromolecules , such as 
10 arrays of nucleic acid molecules or proteins. One 
method for making ordered arrays of DNA on a porous 
membrane is a "dot blot" approach. In this method, a 
vacuum manifold transfers a plurality, e.g., 96, 
aqueous samples of DNA from 3 millimeter diameter wells 
15 to a porous membrane. A common variant of this 

procedure is a "slot-blot" method in which the wells 
have highly-elongated oval shapes. 

The DNA is immobilized on the porous membrane by 
baking the membrane or exposing it to UV radiation. 
20 This is a manual procedure practical for making one 

array at a time and usually limited to 96 samples per 
array. "Dot-blot" procedures are therefore inadequate 
for applications in which many thousand samples must be 
determined. 

25 A more efficient technique employed for making 

ordered arrays of genomic fragments uses an array of 
pins dipped into the wells, e.g., the 96 wells of a 
microtitre plate, for transferring an array of samples 
to a substrate, such as a porous membrane. One array 

30 includes pins that are designed to spot a membrane in a 
staggered fashion, for creating an array of 9216 spots 
in a 22 x 22 cm area (Lehrach, et al., 1990). A 
limitation with this approach is that the volume of DNA 
spotted in each pixel of each array is highly variable. 
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In addition, the number of arravs ~ 

w ^. arrays that can be made with 

each dipping is usually quite small. 

annate method of creating ordered arrays of 

5 (i9 92 e ) lc aT rr- is described by pirrung - - 

Invllv' S ° Y FOd ° r ' et (1991) ' The -thod 

involves synthesizing different nucleic acid sequences 

method T diS ° rete regi ° nS ° f a ™* 
method employs elaborate synthetic schemes, and is 

10 ZT ly liaited t0 " lati ^ — t nucleic acid 

bZ I' e,9r *' l6 ' SS ^ 20 baSeS * A related -thod has 
been described by Southern, et al. (i 992) . 

Khrapko, et al. (1991, describes a method of 
«afctng ^ oligonucleotide matrix by spotting dna onto a 
thin layer of polyacrylamide. The spotting is done 
15 manually with a micropipette. 

None of the methods or devices described in the 
prior art are designed for mass fabrication of 
microarrays characterized by (i, a large number of 

20 ^ C ^ Si2ed ^ "■»«•« ^ a distance of 

50-200 microns or less, and (ii) a well-defined amount, 
typically in the picomole range, of analyte associated 
with each region of the array. 

Furthermore, current technology is directed at 

25 171^ SUCh at a tiBe t0 a sin ^ array 

of DNA molecules. For example, the most common method 

for performing DNA hybridizations to arrays spotted 

onto porous membrane involves sealing the membrane in a 

Plastic bag (Maniatas, et al., 1989) or a rotating 

glass cylinder (Bobbins Scientific) with the labeled 

30 hybridization probe inside the sealed chamber. For 

arrays made on non-porous surfaces, such as a 

microscope slide, each array is incubated with the 

labeled hybridization probe sealed under a coverslip. 

These techniques require a separate sealed chamber for 
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each array which makes the screening and handling of 
many such arrays inconvenient and time intensive. 

Abouzied, et al. (1994) describes a method of 
printing horizontal lines of antibodies on a 
5 nitrocellulose membrane and separating regions of the 
membrane with vertical stripes of a hydrophobic 
material. Each vertical stripe is then reacted with a 
different antigen and the reaction between the 
immobilized antibody and an antigen is detected using a 

10 standard ELISA color imetric technique. Abouzied' s 
technique makes it possible to screen many one- 
dimensional arrays simultaneously on a single sheet of 
nitrocellulose. Abouzied makes the nitrocellulose 
somewhat hydrophobic using a line drawn with PAP Pen 

15 (Research Products International) . However Abouzied 
does not describe a technology that is capable of 
completely sealing the pores of the nitrocellulose. The 
pores of the nitrocellulose are still physically open 
and so the assay reagents can leak through the 

20 hydrophobic barrier during extended high temperature 
incubations or in the presence of detergents which 
makes the Abouzied technique unacceptable for DNA 
hybridization assays. 

Porous membranes with printed patterns of 

25 hydrophilic/hydrophobic regions exist for applications 
such as ordered arrays of bacteria colonies. QA Life 
Sciences (San Diego CA) makes such a membrane with a 
grid pattern printed on it. However, this membrane has 
the same disadvantage as the Abouzied technique since 

30 reagents can still flow between the gridded arrays 
making them unusable for separate DNA hybridization 
assays . 

Pall Corporation make a 9 6 -well plate with a 
porous filter heat sealed to the bottom of the plate. 
35 These plates are capable of containing different 
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20 



reagents in each well without cross-contamination. 
However, each well is intended to hold only one target 
element whereas the invention described here makes a 
microarray of many biomolecules in each subdivided 
region of the solid support. Furthermore, the 96 well 
Plates are at least 1 cm thick and prevent the use of 
the device for many colorimetric, fluorescent and 
radioactive detection formats which require that the 
membrane lie flat against the detection surface. The 
invention described here requires no further processing 
after the assay step since the barriers elements are 
shallow and do not interfere with the detection step 
thereby greatly increasing convenience. 

Hyseq Corporation has described a method of making 
an -array of arrays" on a non-porous solid support for 
use with their sequencing by hybridization technique 
The method described by Hyseq involves modifying the 
chemistry of the solid support material to form a 
hydrophobic grid pattern where each subdivided region 
contains a microarray of biomolecules. Hyseq 's flat 
hydrophobic pattern does not make use of physical 
blocking as an additional means of preventing cross 
contamination . 



25 Buimnnrv of the Tm,» n «.< 7n 

The invention includes, in one aspect, a method of 
forming a microarray of analyte-assay regions on a 
solid support, where each region in the array has a 
known amount of a selected, analyte-specif ic reagent. 
The method involves first loading a solution of a 
selected analyte-specif ic reagent in a reagent- 
dispensing device having an elongate capillary channel 
(i) formed by spaced-apart, coextensive elongate 
members, (ii) adapted to hold a quantity of the reagent 
solution and (iii) having a tip region at which aqueous 
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solution in the channel forms a meniscus* The channel 
is preferably formed by a pair of spaced-apart tapered 
elements . 

The tip of the dispensing device is tapped against 
5 a solid support at a defined position on the support 

surface with an impulse effective to. break the meniscus 
in the capillary channel deposit a selected volume of 
solution on the surface, preferably a selected volume 
in the range 0.01 to 100 nl. The two steps are 
10 repeated until the desired array is formed* 

The method may be practiced in forming a plurality 
of such arrays, where the solution-depositing step is 
are applied to a selected position on each of a 
plurality of solid supports at each repeat cycle. 
15 The dispensing device may be loaded with a new 

solution, by the steps of (i) dipping the capillary 
channel of the device in a wash solution, (ii) removing 
wash solution drawn into the capillary channel, and 
(iii) dipping the capillary channel into the new 
20 reagent solution. 

Also included in the invention is an automated 
apparatus for forming a microarray of analyte-assay 
regions on a plurality of solid supports, where each 
region in the array has a known amount of a selected, 
25 analyte-specific reagent. The apparatus has a holder 
for holding, at known positions, a plurality of planar 
supports, and a reagent dispensing device of the type 
described above. 

The apparatus further includes positioning 
30 structure for positioning the dispensing device at a 
selected array position with respect to a support in 
said holder, and dispensing structure for moving the 
dispensing device into tapping engagement against a 
support with a selected impulse effective to deposit a 
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selected volume on the siinnnU „ 

in i-h« , , support, e.g., a selected volume 

xn the volume range o.oi to loo nl. 

The positioning and dispensing structures are 
controlled by a control unit in the apparatus. The 
unzt operates to (i, place the dispensing device at a 

devic" 9 iT ti0n ' a ° Ve Capillar ^ *» the 

to loM 3 Sel6Cted 3t «- loadi ^ nation, 

to load the dispensing device with the reagent, and 

on eL^f T ^ 3 d6fined ™* Potion 

oneach of the supports on said holder. The unit may 

wash the dispensing device by (i, placing the 
dispensing device at a washing station, (ii, a0 ving ^ 

loL ^ ^ ^ ^ d6ViCe lnt ° a Wash to 
load the dispensing device with the fluid, and (iii) 

IZZ Sl v * sh * f luid prior to loadin * «- di ^-^ 

device with a fresh selected reagent. 

The dispensing device in the apparatus may be one 

of a Plurality of such devices which are carried on the 

TJcT* dlSPenSing diffe -nt analyte assay reagents at 
selected spaced array positions. 

in another aspect, the invention includes a 
substrate with a surface having a aicroarray of at 
least 10' distinct polynucleotide or polypeptide 
biopolymers in a surface area of less than about l cm>. 
Each distinct biopolyaer (i) is disposed at a separate, 
defined position in said array, (ii) has a length of at 
least 50 subunits, and (iii) is present in a defined 
amount between about o.i femtomoles and 100 nanomoles. 

In one embodiment, the surface is glass slide 
surface coated with a polycationic polymer, such as 
polylysine, and the biopolymers are polynucleotides. 
In another embodiment, the substrate has a water- 
impermeable backing, a water-permeable fil* formed on 
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the backing, and a grid formed on the film. The grid 
is composed of intersecting water- impervious grid 
elements extending from said backing to positions 
raised above the surface of said film, and partitions 
5 the film into a plurality of water-impervious cells. A 
biopolymer array is formed within each well. 

More generally, there is provided a substrate for 
use in detecting binding of labeled polynucleotides to 
one or more of a plurality different-sequence, 
10 immobilized polynucleotides. The substrate includes, 
in one aspect, a glass support, a coating of a 
polycationic polymer, such as poly lysine, on said 
surface of the support, and an array of distinct 
polynucleotides electrostatically bound non-covalently 
15 to said coating, where each distinct biopolymer is 

disposed at a separate, defined position in a surface 
array of polynucleotides. 

In another aspect, the substrate includes a water- 
impermeable backing, a water-permeable film formed on 
20 the backing, and a grid formed on the film, where the 
grid is composed of intersecting water-impervious grid 
elements extending from the backing to positions raised 
above the surface of the film, forming a plurality of 
cells. A biopolymer array is formed within each cell. 
25 Also forming part of the invention is a method of 

detecting differential expression of each of a 
plurality of genes in a first cell type, with respect 
to expression of the same genes in a second cell type, 
in practicing the method, there is first produced 
30 fluorescent-labeled cDNA's from mRNA's isolated from 
the two cells types, where the cDNA'S from the first 
and second cells are labeled with first and second 
different fluorescent reporters. 

A mixture of the labeled cDNA's from the two cell 
35 types is added to an array of polynucleotides 
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representing a plurality of known genes derived from 
the two cell types, under conditions that result in 
hybrxdization of the cDNA's to complementary-sequence 
polynucleotides in the array. The array is then 
examined by fluorescence under fluorescence excitation 
conditions in which (i) polynucleotides in the array 
that are hybridized predominantly to cDNA's derived 
from one of the first and second cell types give a 
distinct first or second fluorescence emission color, 
respectively, and (ii, polynucleotides i„ the array 
that are hybridized to substantially egual numbers of 
cDNA's derived from the first and second cell types 
give a distinct combined fluorescence emission color 

IS ITlTt"* 1 *' The " lati ^ expression of Jcnown genei 
in the two cell types can then be determined by the 
observed fluorescence emission color of each spot. 

These and other objects and features of the 
invention will become more fully apparent when the 
following detailed description of the invention is read 

20 in con 3 unction with the accompanying figures. 

Br^ef Description B f the n™*,-; ^ 
Pig. 1 is a side view of a reagent-dispensing 
device having a open-capillary dispensing head 
25 constructed for use in one embodiment of the invention; 

Pigs. 2A-2C illustrate steps in the delivery of a 
fixed-volume bead on a hydrophobic surface employing 
the dispensing head from Pig. i, in accordance with one 
embodiment of the method of the invention; 
30 Fig. 3 shows a portion of a two-dimensional array 

of analyte-assay regions constructed according to the 
method of the invention; 

Pig. 4 is a planar view showing components of an 
automated apparatus for forming arrays in accordance 
35 with the invention. 
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Fig. 5 shows a fluorescent image of an actual 20 x 
20 array of 400 f luorescently- labeled DNA samples 
immobilized on a poly-l-lysine coated slide, where the 
total area covered by the 400 element array is 16 
5 square millimeters; 

Fig. 6 is a fluorescent image ofal.8cmxi.8cm 
microarray containing lambda clones with yeast inserts, 
the fluorescent signal arising from the hybridization 
to the array with approximately half the yeast genome 
10 labeled with a green f luorophore and the other half 
with a red f luorophore; 

Fig. 7 shows the translation of the hybridization 
image of Fig. 6 into a karyotype of the yeast genome, 
where the elements of Fig. -6 microarray contain yeast 
15 DNA sequences that have been previously physically 
mapped in the yeast genome; 

Fig. 8 show a fluorescent image of a 0.5 cm x 0.5 
cm microarray of 24 cDNA clones, where the microarray 
was hybridized simultaneously with total cDNA from wild 
20 type AraMdopsis plant labeled with a green f luorophore 
and total cDNA from a transgenic AraMdopsis plant 
labeled with a red f luorophore, and the arrow points to 
the cDNA clone representing the gene introduced into 
the transgenic Arabidopsis plant; 
25 Fig. 9 shows a plan view of substrate having an 

array of cells formed by barrier elements in the form 
of a grid; 

Fig. 10 shows an enlarged plan view of one of the 
cells in the substrate in Fig. 9, showing an array of 
30 polynucleotide regions in the cell; 

Fig. 11 is an enlarged sectional view of the 
substrate in Fig. 9, taken along a section line in that 

figure; and 

Fig. 12 is a scanned image of a 3 cm x 3 cm 
nitrocellulose solid support containing four identical 



35 



WO 95/35505 



PCT/US9S/07659 



11 



5 



10 



15 



20 



25 



30 



«« ys of «u elo„.s in each of four quadrant. wh.„ 
Hybridization method. 
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Detailed DaagT 

Defin^jo nr 



Unless indicated otherwise, the terms defined 
below have the following meanings: 

"Ligand" refers to one member of a n «.„.,/ «. • 
U g and binding pair. The li gand may^,^ pt, 
one of the nucleic acid strands in a complementary^ 
hybridized nucleic acid duplex binding pair; an 

or aTl n ° leCUle ln ^ e " ect -/— Ptor binding pair; 
or an antigen in an antigen/ antibody or 

antigen/antibody fragment binding pair 

li« "f ,tiligandM rGfe " ^ the opposite member of a 
U 9 and/anti ; li g and binding pair. The antiligand may be 
the other of the nucleic acid strands in a 
complemen^ry, hybridized nucleic acid duplex binding 
Pair the receptor molecule in an effector/receptor 
binding pair; or an antibody or antibody fragment 
molecule in antigen/ antibody or antigen/antibody 
fragment binding pair, respectively. 

"Analyte" or "analyte molecule- refers to a 
molecule, typically a macromolecule, such as a 
polynucleotide or polypeptide, whose presence, amount 
and/or identity are to be determined. The analyte is 
one member of a ligand/anti-ligand pair. 

"Analyte-specific assay reagent- refers to a 

ZllZl* e " t0 SpeCifka1 ^ ^ an analyte 

molecule. The reagent is the opposite member of a 

ligand/anti-ligand binding pair. 

An -array of regions on a solid support- is a 
linear or two-dimensional array of preferably discrete 
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regions, each having a finite area, formed on the 
surface of a solid support. 

A ••microarray" is an array of regions having a 
density of discrete regions of at least about 100/cm J , 
5 and preferably at least about 1000/cm 2 . The regions in 
a nicroarray have typical dimensions, e.g., diameters, 
in the range of between about 10-250 jra, and are 
separated from other regions in the array by about the 
same distance. 

10 A support surface is "hydrophobic" if a aqueous- 

medium droplet applied to the surface does not spread 
out substantially beyond the area size of the applied 
droplet. That is, the surface acts to prevent 
spreading of the droplet applied to the surface by 
15 hydrophobic interaction with the droplet. 

A "meniscus" means a concave or convex surface 
that forms on the bottom of a liquid in a channel as a 
result of the surface tension of the liquid. 

"Distinct biopolymers" , as applied to the 
20 biopolymers forming a microarray, means an array member 
which is distinct from other array members on the basis 
of a different biopolymer sequence, and/ or different 
concentrations of the same or distinct biopolymers, 
and/or different mixtures of distinct or different- 
25 concentration biopolymers. Thus an array of "distinct 
polynucleotides" means an array containing, as its 
members, (i) distinct polynucleotides, which may have a 
defined amount in each member, (ii) different, graded 
concentrations of given-sequence polynucleotides, 
30 and/or (iii) different-composition mixtures of two or 
more distinct polynucleotides. 

"Cell type" means a cell from a given source, 
e.g., a tissue, or organ, or a cell in a given state of 
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p. i LT nti " i ° B ' " 3 CeU " s -»"ed with a given 
pathology or genetic maleeup. 

Bior J"" MCti ° n deSCrlbes a »^hod of forming a 

nZTV 1 aMlyt ™^ on a solid support 

or substrata, where . ach re , ion ln ^ » 

«iown amount of a cni^^j , J 

Pic Tn, * S * leCted ' ""lite-specific reagant. 
a r .. . J 1 . 111Ustrates > 1" * Partially schematic view 

•ar^T t dlSPen5ing " eVi « " « practicing ^ 

™thod. fte device generally includes a raagant * 

^rca D ilT C T " " Wi " * d """» a 

^ capxllary channel is forced by a pair of spaced- 

apart, coertansiva, elongate members 12a, 12b which are 

tapered toward on. another and converge at a tip « Mp 

region 18 at the lower end of the chann.1. More ' 

"ongata, spao.d-ap.rt memb«s adapted to hold a 

at which aqueous solution in the channel for*, a 

JHTT' M **" C ° nCaV ' " en " CTS i«>»tr.t^ at 

con^t !: ** ■*«*«•- •* «. open channel 

construction of th. disposer ar. discussed balow 

With continued reference to Pig. i, the dispenser 

ra Pl dly toward and away from a support surface, for 
affecting deposition of a known amount of solution in 
the dispenser on a support, as will be described below 
with reference to Pigs. 2A-2C. m the embodiment 

ZT'St? =trUCtUre in0lUdM 3 SOlenoi<1 22 " 
activatable to draw a solenoid piston 24 rapidly 

downwardly, then release the piston e a u^o, 

F«"»ton, e.g., under spring 

bias, to a normal, raised position, as shown. The 
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dispenser is carried on the piston by a connecting 
member 26, as shown. The just-described moving 
structure is also referred to herein as dispensing 
means for moving the dispenser into engagement with a 
5 solid support, for dispensing a known volume of fluid 

on the support. 

The dispensing device just described is carried on 
an arm 28 that may be moved either linearly or in an x- 
y plane to position the dispenser at a selected 

10 deposition position, as will be described. 

Figs. 2A-2C illustrate the method of depositing a 
known amount of reagent solution in the just-described 
dispenser on the surface of a solid support, such as 
the support indicated at 30. The support is a polymer, 

15 glass, or other solid-material support having a surface 

indicated at 31. 

In one general embodiment, the surface is a 
relatively hydrophilic, i.e., wettable surface, such as 
a surface having native, bound or covalently attached 
20 charged groups. On such surface described below is a 
glass surface having an absorbed layer of a 
polycationic polymer, such as poly-l-lysine. 

In another embodiment, the surface has or is 
formed to have a relatively hydrophobic character, 
25 i.e., one that causes aqueous medium deposited on the 
surface to bead. A variety of known hydrophobic 
polymers, such as polystyrene, polypropylene, or 
polyethylene have desired hydrophobic properties, as do 
glass and a variety of lubricant or other hydrophobic 
30 films that may be applied to the support surface. 

initially, the dispenser is loaded with a selected 
analyte-specific reagent solution, such as by dipping 
the dispenser tip, after washing, into a solution of 
the reagent, and allowing filling by capillary flow 
35 into the dispenser channel. The dispenser is now moved 
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su«a S T . POSi "° n " ith ~t t. a support 
support diaPenSer " P «e 

Eu? ™* POSitl ° n " which the *■ *• *• 

aeposxfd. This n ove»ent takes place with the 

above the surface of the substrate. 

now ac^va^ f"* " P ° sitioned - 22 is 

10 °° W . a " 1Vate ' 1 tB «»"•• the dispenser tip to aove 
" rapxdly toward and away , rOT the substrate surface 
"°" mtM * =-tact with the surface, Teffeot 

taping the tip of the dispenser against tte support' 

~ jtjis rs-r tts tip i9ain " - 

wxth the support surface. This in 

*i . f in turn, produces a 

the tap a»d the surface, acting to draw l igui d out of 
the dispewer ctannel, as seen in Fig. aB . 

suooo^ 9 ' 't " h ° WS fl ° W ° £ flUia fr °" the «P onto the 
surft^ ^ ln *" CMS U a ^P-cbic 

^fl"', ^ illM tr«.s that liguid continue, 

^tfiT, T dispeBMr onto th * «*— 

until it for»s a liguid bead 32. »t a given bead size, 

T"' tendenCy of to flow onto the 

surface win be balanced by the hydrophobic surface 

acts to Ualt total ^ ^ on 

30 2^ SUr£a °* tenSi ° n °* dr0p1 "' tends 

toward a g.ven bead curvature. At this point, , given 

bead volume will have forced, and continued contact of 

the dispenser tip with the bead, as the dispenser tip 

« being withdrawn, will have little or no effect on 

bead volume. 
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For liquid-dispensing on a more hydrophilic 
surface, the liquid will have less of a tendency to 
bead, and the dispensed volume will be more sensitive 
to the total dwell time of the dispenser tip in the 
immediate vicinity of the support surface, e.g., the 
positions illustrated in Figs. 2B and 2C. 

The desired deposition volume, i.e., bead volume, 
formed by this method is preferably in the range 2 pi 
(picoliters) to 2 nl (nanoliters) , although volumes as 
high as 100 nl or more may be dispensed. It will be 
appreciated that the selected dispensed volume will 
depend on (i) the "footprint" of the dispenser tip, 
i.e., the size of the area spanned by the tip, (ii) the 
hydrophobicity of the support surface, and (iii) the 
15 time of contact with and rate of withdrawal of the tip 
from the support surface. In addition, bead size may 
be reduced by increasing the viscosity of the medium, 
effectively reducing the flow time of liquid from the 
dispenser onto the support surface. The drop size may 
20 be further constrained by depositing the drop in a 
hydrophilic region surrounded by a hydrophobic grid 
pattern on the support surface. 

in a typical embodiment, the dispenser tip is 
tapped rapidly against the support surface, with a 
25 total residence time in contact with the support of 
less than about 1 msec, and a rate of upward travel 
from the surface of about 10 cm/sec. 

Assuming that the bead that forms on contact with 
the surface is a hemispherical bead, with a diameter 
30 approximately equal to the width of the dispenser tip, 
as shown in Fig. 2C, the volume of the bead formed in 
relation to dispenser tip width (d) is given in Table 1 
below. As seen, the volume of the bead ranges between 
2 pi to 2 nl as the width size is increased from about 
35 20 to 200 Mm. 
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F — : — 


Volume (nl) 


20 am 


2 x io- 3 | 


50 am 


3.1 x io- 2 


100 vm 


2.5 x 10-' 


__ 200 urn 


— i J 



At a given tip sije , bead volume can ^ redu „ rt . 

i*>T Y lnereasin9 rate ot "~ «* tL 

vi^/rr^r'or^ increasin9 th - 

After depositing a bead at one selected location 
« a support, the tip is typically moved to . 
corresponding position on a second support a drool.* 
» aeposit^ at that position, and tb^ces. Is 

of S SeleCted PMiti0n °" ~* °< ^ Polity 
The tip is then washed to remove the reagent 

rea^ ""^ ^ 
212 l' t Z dePMitM " -* -other array position 
on each of the supports. In one embodiment th. n„ • 

«Pillary channe! of the device in a wash solut 
Ux) remowng wash solution drawn into the capillary 
channel, and (iii, dipping the capillary channel £> 
the new reagent solution. 

From the foregoing, it will be appreciated that 
the tweezers-like, open-capillary dispenser tip 
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provides the advantages that (i) the open channel of 
the tip facilitates rapid, efficient washing and drying 
before reloading the tip with a new reagent, (ii) 
passive capillary action can load the sample directly 
5 from a standard microwell plate while retaining 

sufficient sample in the open capillary reservoir for 
the printing of numerous arrays, (iii) open capillaries 
are less prone to clogging than closed capillaries, and 
(iv) open capillaries do not require a perfectly faced 
10 bottom surface for fluid delivery. 

A portion of a microarray 36 formed on the surface 
38 of a solid support 40 in accordance with the method 
just described is shown in Fig. 3. The array is formed 
of a plurality of analyte-specif ic reagent regions, 
15 such as regions 42, where each region may include a 
different analyte-specif ic reagent. As indicated 
above, the diameter of each region is preferably 
between about 20-200 Mm. The spacing between each 
region and its closest (non-diagonal) neighbor, 
20 measured from center-to-center (indicated at 44) , is 

preferably in the range of about 20-400 tm. Thus, for 
example, an array having a center-to-center spacing of 
about 250 im contains about 40 regions/cm or 1,600 
regions/cm 5 . After formation of the array, the support 
25 is treated to evaporate the liquid of the droplet 

forming each region, to leave a desired array of dried, 
relatively flat regions. This drying may be done by 
heating or under vacuum. 

in some cases, it is desired to first rehydrate 
30 the droplets containing the analyte reagents to allow 
for more time for adsorption to the solid support. It 
is also possible to spot out the analyte reagents in a 
humid environment so that droplets do not dry until the 
arraying operation is complete. 
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111 ' AMtgffatftrt Apparatus Tarmiyj fi^y- 

In another aspect, the invention includes an 
automated apparatus for forming an array of analyte- 
assay regions on a solid support, where each region in 
the array has a known amount of a selected, analyte- 
specific reagent. 

The apparatus is shown in planar, and partially 
schematic view in Fig. 4. A dispenser device 72 in the 
apparatus has the basic construction described above 
with respect to Fig. 1, and includes a dispenser 74 
having an open-capillary channel terminating at a tip 
substantially as shown in Figs. 1 and 2A-2C. 

The dispenser is mounted in the device for 
movement toward and away from a dispensing position at 
which the tip of the dispenser taps a support surface, 
to dispense a selected volume of reagent solution, as 
described above. This movement is effected by a 
solenoid 76 as described above. Solenoid 76 is under 
the control of a control unit 77 whose operation will 
be described below. The solenoid is also referred to 
herein as dispensing means for moving the device into 
tapping engagement with a support, when the device is 
positioned at a defined array position with respect to 
that support. 

The dispenser device is carried on an arm 74 which 
is threadedly mounted on a worm screw 80 driven 
(rotated) in a desired direction by a stepper motor 82 
also under the control of unit 77. At its left end in 
the figure screw 80 is carried in a sleeve 84 for 
rotation about the screw axis. At its other end, the 
screw is mounted to the drive shaft of the stepper 
motor, which in turn is carried on a sleeve 86. The 
dispenser device, worm screw, the two sleeves mounting 
the worm screw, and the stepper motor used in moving 
the device in the »x» (horizontal) direction in the 
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figure form what is referred to here collectively as a 
displacement assembly 86. 

The displacement assembly is constructed to 
produce precise, micro-range movement in the direction 
5 of the screw, i.e., along an x axis in the figure. In 
one mode, the assembly functions to move the dispenser 
in x-axis increments having a selected distance in the 
range 5-25 /ra- In another mode, the dispenser unit may 
be moved in precise x-axis increments of several 
10 microns or more,: for positioning the dispenser at 

associated positions on adjacent supports, as will be 

described below. 

The displacement assembly, in turn, is mounted for 
movement in the -y" (vertical) axis of the figure, for 

15 positioning the dispenser at a selected y axis 

position. The structure mounting the assembly includes 
a fixed rod 88 mounted rigidly between a pair of frame 
bars 90, 92, and a worm screw 94 mounted for rotation 
between a pair of frame bars 96, 98. The worm screw is 

20 driven (rotated) by a stepper motor 100 which operates 
under the control of unit 77. The motor is mounted on 

bar 96, as shown. 

' The structure just described, including worm screw 
94 and motor 100, is constructed to produce precise, 

25 micro-range movement in the direction of the screw, 
i.e., along an y axis in the figure. As above, the 
structure functions in one mode to move the dispenser 
in y-axis increments having a selected distance in the 
range 5-250 /m, and in a second mode, to move the 

30 dispenser in precise y-axis increments of several 

microns (Mm) or more, for positioning the dispenser at 
associated positions on adjacent supports. 

The displacement assembly and structure for moving 
this assembly in the y axis are referred to herein 

35 collectively as positioning means for positioning the 
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dispensing device at a selected array position with 
respect to a support. 

A holder 102 in the apparatus functions to hold a 
Plurality of supports, such as supports 104 on which 
the microarrays of regent regions are to be formed by 
the apparatus. The holder provides a number of 
recessed slots, such as slot 106, which receive the 
supports, and position them at precise selected 
positions with respect to the frame bars on which the 
dispenser moving means is mounted. 

As noted above, the control unit in the device 
functions to actuate the two stepper motors and 
dispenser solenoid in a sequence designed for automated 
operation of the apparatus in forming a selected 
microarray of reagent regions on each of a plurality of 
supports. 

The control unit is constructed, according to 
conventional microprocessor control principles, to 
provide appropriate signals to each of the solenoid and 
each of the stepper motors, in a given timed sequence 
and for appropriate signalling time. The construction 
of the unit, and the settings that are selected by the 
user to achieve a desired array pattern, will be 
understood from the following description of a typical 
25 apparatus operation. 

Initially, one or more supports are placed in one 
or more slots in the holder. The dispenser is then 
moved to a position directly above a well (not shown) 
containing a solution of the first reagent to be 
30 dispensed on the support (s). The dispenser solenoid is 
actuated now to lower the dispenser tip into this well, 
causing the capillary channel in the dispenser to fill.' 
Motors 82, 100 are now actuated to position the 
dispenser at a selected array position at the first of 
35 the supports. Solenoid actuation of the dispenser is 
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then effective to dispense a selected-volume droplet of 
that reagent at this location. As noted above, this 
operation is effective to dispense a selected volume 
preferably between 2 pi and 2 nl of the reagent 
5 solution. 

The dispenser is now moved to the corresponding 
position at an adjacent support and a similar volume of 
the solution is dispensed at this position. The 
process is repeated until the reagent has been 
10 dispensed at this preselected corresponding position on 
each of the supports. 

Where it is desired to dispense a single reagent 
at more than two array positions on a support, the 
dispenser may be moved to different array positions at 
15 each support, before moving the dispenser to a new 
support, or solution can be dispensed at individual 
positions on each support, at one selected position, 
then the cycle repeated for each new array position. 
To dispense the next reagent, the dispenser is 
20 positioned over a wash solution (not shown) , and the 
dispenser tip is dipped in and out of this solution 
until the reagent solution has been substantially 
washed from the tip. Solution can be removed from the 
tip, after each dipping, by vacuum, compressed air 
25 spray, sponge, or the like. 

The dispenser tip is now dipped in a second 
reagent well, and the filled tip is moved to a second 
selected array position in the first support. The 
process of dispensing reagent at each of the 
30 corresponding second-array positions is then carried as 
above. This process is repeated until an entire 
microarray of reagent solutions on each of the supports 
has been formed. 

35 IV. Min-oarrav Substrate 
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having ° dMCribeS -•»«-«. of . substrate 

« ^ s^r^ ° f bi8l ° SiM1 > o1 ™" carried on 

cetl sub^ \ SUrfaCe - * -escribes a multi- 

call substrate, each Mll of vnlch =ont 

ZlZTl- "1 P " farably m id ' ntiM1 »*croarray, of 

M». 9 illustrates, in p i an vi 
Canada, according to ^ lnve „ tion 

rararan 't Tl'^TZ^T'^ 

^ 19 * 10 ' each ^11/ such as cell 114 i„ 

turn support, a micro«r.y 116 of 

»ch a. polypoid.. or poly » acleotides at ^Zn ■ 

«9lons forming the microarray ara indicatad at l2 o 
T ^ regions, such a. regions 42, forming 

the microarray of distinct biopolymars shown in Fig. , 

I*. 96-c.ll array shown in Fig. 9 has typicalL 
array dimensions between about 13 „ d 244 JT„ J*^ 
»d 8 and „o - langth , wlth ^ cella in ™" 
"avxng width and length dimension of i,i 2 and V a Z 
«r.y width and length dimensions, respectively . \T 

l«gT 1 "* 20 ln Wldth — 1 — 5 ° - ^ 

The construction of substrate is shown cross- 

vi« 1 t°^ Uy f " i5, iS "» en ™ "="onal 

view takan along view line l 24 in Fig. 9 . The 

substrate includes a water-impermeable backing i 26 
such as a glass slide or rigid polymer sheet. Formed 
on the surface of the backing is a water-permeable film 
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128. The film is formed of a porous membrane material, 
such as nitrocellulose membrane, or a porous web 
material, such as a nylon, polypropylene, or PVDF 
porous polymer material. The thickness of the film is 
5 preferably between about 10 and 1000 Mm. The film may 
be applied to the backing by spraying or coating 
uncured material on the backing, or by applying a 
preformed membrane to the backing. The backing and 
film may be obtained as a preformed unit from 
10 commercial source, e.g., a plastic-backed 

nitrocellulose film available from Schleicher and 
Schuell Corporation. 

With continued reference to Fig. 11, the film- 
covered surface in the substrate is partitioned into a 
15 desired array of cells by water-impermeable grid lines, 
such as lines 130, 132, which have infiltrated the film 
down to the level of the backing, and extend above the 
surface of the film as shown, typically a distance of 
100 to 2000 nm above the film surface. 
20 The grid lines are formed on the substrate by 

laying down an uncured or otherwise flowable resin or 
elastomer solution in an array grid, allowing the 
material to infiltrate the porous film down to the 
backing, then curing or otherwise hardening the grxd 
25 lines to form the cell-array substrate. 

One preferred material for the grid is a flowable 
silicone available from Loctite Corporation. The 
barrier material can be extruded through a narrow 
syringe (e.g., 22 gauge) using air pressure or 
mechanical pressure. The syringe is moved relative to 
the solid support to print the barrier elements as a 
grid pattern. The extruded bead of silicone wicks into 
the pores of the solid support and cures to form a 
shallow waterproof barrier separating the regions of 
35 the solid support. 
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In alternative embodiments, the barrier element 
can be a wax-based material or a thermoset material 
such as epoxy. The barrier material can also be a UV- 

5 orTntYT" WhiCh " eXP ° Sed t0 W U9ht after b.lng 
Printed onto the solid support. The barrier material 

r!L alSO bC aPPUed t0 S ° lid SUPP ° rt Usin * Panting 
techniques such as silk-screen printing. The barrier 

aaterxal may also be a heat-seal stamping of the porous 

10 11 SUPPOrt WhiCh 36315 ±tS P ° reS and f «« a water- 
imperious barrier element. The barrier material may 

also be a shallow grid which is laminated or otherwise 
adhered to the solid support. 

In addition to plastic-backed nitrocellulose, the 
solid support can be virtually any porous membrane with 
or without a non-porous backing, such membranes are 
readily available from numerous vendors and are made 
from nylon, PVDF, polysulfone and the like, m an 
alternative embodiment, the barrier element may also be 
used to adhere the porous membrane to a non-porous 
0 backing in addition to functioning as a barrier to 
prevent cross contamination of the assay reagents. 

In an alternative embodiment, the solid support 
can be of a non-porous material. The barrier can be 
printed either before or after the microarray of 
5 biomolecules is printed on the solid support. 

As can be appreciated, the cells formed by the 
grid lines and the underlying backing are water- 
impermeable, having side barriers projecting above the 
porous film in the cells. Thus, defined- volume samples 
can be placed in each well without risk of cross- 
contamination with sample material in adjacent cells. 
In Fig. ii, defined volumes samples, such as sample 
134, are shown in the cells. 

As noted above, each well contains a microarray of 
' distinct biopolymers. i„ one general embodiment, the 
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microarrays in the well are identical arrays of 
distinct biopolymers, e.g., different sequence 
polynucleotides. Such arrays can be formed in 
accordance with the methods described in Section II, by 

5 depositing a first selected polynucleotide at the same 
selected microarray position in each of the cells, then 
depositing a second polynucleotide at a different 
microarray position in each well, and so on until a 
complete, identical microarray is formed in each cell. 
10 In a preferred embodiment, each microarray 

contains about 10 3 distinct polynucleotide or 
polypeptide biopolymers per surface area of less than 
about 1 cm*. Also in a preferred embodiment, the 
biopolymers in each microarray region are present in a 

15 defined amount between about 0.1 femtomoles and 100 
nanomoles. The ability to form high-density arrays of 
biopolymers, where each region is formed of a well- 
defined amount of deposited material, can be achieved 
in accordance with the microarray-forming method 

20 described in Section II. 

Also in a preferred embodiments, the biopolymers 
are polynucleotides having lengths of at least about 50 
bp, i.e., substantially longer than oligonucleotides 
which can be formed in high-density arrays by schemes 

25 involving parallel, step-wise polymer synthesis on the 

array surface. 

- In the case of a polynucleotide array, in an assay 
procedure, a small volume of the labeled DNA probe 
mixture in a standard hybridization solution is loaded 
onto each cell. The solution will spread to cover the 
entire microarray and stop at the barrier elements. 
The solid support is then incubated in a humid chamber 
at the appropriate temperature as required by the 
assay. 
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ZarJ* C h 38837 ^ COnducted ^ an "open-face- 

the hyJLT 1° fUrther Sealin? St6P iS 

the hybrxdxzatxon solution will be kept properly 

hydrate* by the water vapor ^ ^ 

s«: P :r iu 7 n of the incubati ° n ^ «- jl 

supPort containing the numerous microarrays is rinsed 

Si T 9 ^ dUUte ^ aSSay reagents ~ «»t no 
soTd Cr ° SS COnta ° inati - ocour.. The entire 

if neelef "I * ^ deteCtion agents 

^needed and analyzed using standard colorimetric, 

radxoactxve or fluorescent detection aeans. All 
processing and detection steps are performed 

sutporTr 81 ' ^ ° f ^ » ic ™ a "^ on the solid 
support ensuring uniform assay conditions for all of 
the mxcroarrays on the solid support. 

' B * glass-Slide P 0 ]vn»m OW f^> ArriJ 

anothl^' 5 Sh ° WS a SUbStrate 136 f °*med according to. 
r^r e aSPeCt ° f *" ±nVention ' — -tended for use 
» detectxng binding of labeled polynucleotides to one 
or acre of a plurality distinct polynucleotides. The 
substrate includes a glass substrate 138 having formed 
on its surface, a coating of a polycationic polymer, 
Preferably a cationic polypeptide, such as polylysine 
or polyarginine. Formed on the polycationic coating is 
a mxcroarray i«„ of distinct polynucleotides, each 
localized at known selected array regions, such as 
regxons 142. 

fil- T Sl±de iS C ° ated ^ PlaCi " 9 a "niform-thickness 
fxlm of a polycationic polymer, e.g., poly-i-iysine, on 
the surface of a slide and drying the fil* to fora a 
drxed coating. The amount of polycationic polymer 
added is sufficient to form at least a monolayer of 
polymers on the glass surface. The polymer film is 
bound to surface via electrostatic binding between 



WO 95/35505 



PCTAJS95/07659 



28 



10 



20 



25 



negative silyl-OH groups on the surface and charged 
amine groups in the polymers. Poly-l-lysine coated 
glass slides may be obtained commercially, e.g., from 
Sigma Chemical Co. (St. Louis, MO). 

To form the microarray, defined volumes of 
distinct polynucleotides are deposited on the P°^" 
coated slide, as described in Section II. According to 
an important feature of the substrate, the deposited 
polynucleotides remain bound to the coated slide 
surface non-covalently when an aqueous DNA sample is 
applied to the substrate under conditions which allow 
hybridization of reporter-labeled polynucleotides in 
the sample to complementary -sequence (single-stranded, 
polynucleotides in the substrate array. The method is 
15 illustrated in Examples 1 and 2. 

To illustrate this feature, a substrate of the 
type just described, but having an array of same- 
sequence polynucleotides, was mixed with fluorescent- 
labeled complementary DNA under hybridization 
conditions. After washing to remove non-hybridized 
material, the substrate was examined by low-power 
fluorescence microscopy. The array can be visualized 
by the relatively uniform labeling pattern of the array 
regions. 

in a preferred embodiment, each microarray 
contains at least i6» distinct polynucleotide or 
polypeptide biopolymers per surface area of less than 
about 1 cm', in the embodiment shown in Pig. 5 the 
microarray contains 400 regions in an area of about 16 
«■«. or 2.5 x 10' regions/cm'. Also in a preferred 
embodiment, the polynucleotides in the each 
region are present in a defined amount between about 
0.1 femtomoles and 100 nanomoles in the case of 
polynucleotides. As above, the ability to form high- 
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fo™ T ° f 0,15 tyPe ' Where aa =" *•**» is 

formed of. well-defined amount of deposited material, 

can be achieved in accordance with the microarray- 
forming method described in section II. 
5 Als ° ln » Preferred embodiments, the 

polynucleotides have lengths of at least about 50 bp, 
*.e., substantially longer than oligonucleotides which 
=» be form* in high-density arrays by various in situ 
synthesis schemes. 

10 

V. Utilise 

Microarrays of immobilized nucleic acid sequences 
prepared in accordance with the invention can be used 
for large scale hybridization assays in numerous 
genetic applications, including genetic and physical 
capping of genomes, monitoring of gene expression, DMA 

2TT,T g i r et±C diagn ° sis ' retyping of organisms, 
and distribution of DNA reagents to researchers. 

20 i« k r^! 61 " 8 * apping ' a g ene or a cloned DNA fragment 
20 is hybridized to an ordered array of DNA fragment and 
the identity of the DNA elements applied to the array 
is unambiguously established by the pixel or pattern of 

of" X sul° f ^ ^ *"* ™ deteCted ' ° ne a PP"«tion 

25 bv !T 3 geneti ° map iS d -«ibed 

by Nelson, et «i. (1993) . In constructing physical 

naps of the genome, arrays of immobilized cloned DNA 
fragments are hybridized with other cloned DNA 
fragments to establish whether the cloned fragments in 
the probe mixture overlap and are therefore contiguous 

30 to the immobilized clones on the array. For example 
Lehrach, et al. t describe such a process. 

The arrays of immobilized DNA fragments may also 
be used for genetic diagnostics. To illustrate, an 
array containing multiple forms of a mutated gene or 

15 genes can be probed with a labeled mixture of a 
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patient's DNA which will preferentially interact with 
only one of the immobilized versions of the gene. 

The detection of this interaction can lead to a 
medical diagnosis. Arrays of immobilized DNA fragments 
5 can also be used in DNA probe diagnostics. For 

example, the identity of a pathogenic microorganism can 
be established unambiguously by hybridizing a sample of 
the unknown pathogen's DNA to an array containing many 
types of known pathogenic DNA. A similar technique can 
10 also be used for .unambiguous genotyping of any 

organism. Other molecules of genetic interest, such as 
cDNA's and RNA's can be immobilized on the array or 
alternately used as the labeled probe mixture that is 
applied to the array. 
15 in one application, an array of cDNA clones 

representing genes is hybridized with total cDNA from 
an organism to monitor gene expression for research or 
diagnostic purposes. Labeling total cDNA from a normal 
cell with one color f luorophore and total cDNA from a 
20 diseased cell with another color f luorophore and 

simultaneously hybridizing the two cDNA samples to the 
same array of cDNA clones allows for differential gene 
expression to be measured as the ratio of the two 
fluorophore intensities. This two-color experiment can 
25 be used to monitor gene expression in different tissue 
types, disease states, response to drugs, or response 
to environmental factors. & An example of this approach 
is illustrated in Examples 2, described with respect to 
Pig. 8. 

30 By way of example and without implying a 

limitation of scope, such a procedure could be used to 
simultaneously screen many patients against all known 
mutations in a disease gene. This invention could be 
used in the form of, for example, 96 identical 0.9 cm x 
2.2 cm microarrays fabricated on a single 12 cm x 18 cm 
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sheet of plastic-backed nitrocellulose where each 
aicroarray could contain, for example, 100 DNA 
fragments representing all known mutations of a given 
gene. The region of interest from each of the DNA 
samples from 96 patients could be amplified, labeled 
and hybridized to the 96 individual arrays with each 
assay performed in loo microliters of hybridization 
solution. The approximately 1 thick silicone rubber 
barrier elements between individual arrays prevent 
cross contamination of the patient samples by sealing 
the pores of the nitrocellulose and by acting as a 
Physical barrier between each microarray. The solid 
support containing all 96 microarrays assayed with the 
96 patient samples is incubated, rinsed, detected and 
analyzed as a single sheet of material using standard 
radioactive, fluorescent, or colorimetric detection 
means (Maniatas, er al., i 98 9) . Previously, such a 
procedure would involve the handling, processing and 
tracking of 96 separate membranes in 96 separate sealed 
20 chambers. By processing all 96 arrays as a single 
sheet of material, significant time and cost savings 
are possible. 

The assay format can be reversed where the patient 
or organism's DNA is immobilized as the array elements 
and each array is hybridized with a different mutated 
allele or genetic marker. The gridded solid support 
can also be used for parallel non-DNA ELISA assays. 
Furthermore, the invention allows for the use of all 
standard detection methods without the need to remove 
the shallow barrier elements to carry out the detection 
step. 

In addition to the genetic applications listed 
above, arrays of whole cells, peptides, enzymes, 
antibodies, antigens, receptors, ligands, 
phospholipids, polymers, drug cogener preparations or 
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chemical substances can be fabricated by the means 
described in this invention for large scale screening 
assays in medical diagnostics, drug discovery, 
molecular biology, immunology and toxicology. 

5 The multi-cell substrate aspect of the invention 

allows for the rapid and convenient screening of many 
DNA probes against many ordered arrays of DNA 
fragments. This eliminates the need to handle and 
detect many individual arrays for performing mass 

10 screenings for genetic research and diagnostic 

applications. Numerous microarrays can be fabricated 
on the same solid support and each microarray reacted 
with a different DNA probe while the solid support is 
processed as a single sheet of material. 

15 

The following examples illustrate, but in no way 
are intended to limit, the present invention. 

20 « — ^- CmnP iPvii-v Hvtn-idiTntlcw to y«aro 

V Y7\ Kr-?™ Renrespnting the Jeast 
ftaKchaTomyr-o* ce>rev *i*e Genome with 
Tyrt-ralor Fluorescent netection 

The array elements were randomly amplified PCR 

25 (Bohlander, et ml., 1992) products using physically 

mapped lambda clones of S. cerevisiae genomic DNA 

templates (Riles, et ml., 1993). The PCR was performed 

directly on the lambda phage lysates resulting in an 

amplification of both the 35 kb lambda vector and the 

30 5-15 kb yeast insert sequences in the form of a uniform 

distribution of PCR product between 250-1500 base pairs 

in length. The PCR product was purified using 

Sephadex G50 gel filtration (Pharmacia, Piscataway, NJ) 

and concentrated by evaporation to dryness at room 

35 temperature overnight. Each of the 864 amplified 
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lambda clones was rehydrated in 15 „l of 3 » SS C in 
Preparatxon for spotting onto the glass. 

S lidJ h l nl k Cr0 ""^ ^ fabri<: "<* on microscope 
5 W 1 CMted ^ * l ' YeI ° f PO^-l-l'sine 

oaaea 1 „l C £ the concentrated lambda clone PCR 
Product in 3 * SSC directly from wen storage ptates 

- Til r ^ tm ^"* t Prlnti "' — deposited 

tor an as4 SMplM and , controi spots 
spotty, operation was complete, the slides were 
rotated in , homid chamber for 2 hours, baked in a 

IS So ZV~ 2 hOUrS ' riMea *° remove 1- 

TlZll "* <- —Mo anhydrL 

to reduce non-specific adsorption of the labeled 
hybr^ation probe to the pol y -l-iy sine coated glass 
■"*». immediately prior to use, the immobilized DNA 

20 flT denatUrM water at 90- 

*o for 2 minutes. 

For the pooled chromosome experiment, the 16 
chromosomes of Saccharomyces eerevisiae were separated 

« ^ratus CBiorad, Richmond 
The six largest chromosomes were isolated in one gel 
slace and the smallest 10 chromosomes in a second gel 
sUce The DNA was recovered using a gel extraction 
kit (Qxagen Chatsworth, ca, . The two chromosome pools 
were randomly amplified in a manner similar to that 
used for the target lambda clones. Following 
'0 amplification, 5 micrograms of each of the amplified 
chromosome pools were separately random-primer labeled 
usxng Klenow polymerase (Amersham, Arlington Heights. 
IL) with a lissamine conjugated nucleotide analog 
(Dupont KEN, Boston, MA) for the pool containing the 
six largest chromosomes, and with a fluorescein 
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conjugated nucleotide analog (BMB) for the pool 
containing smallest ten chromosomes. The two pools 
were mixed and concentrated using an ultrafiltration 
device (Amicon, Danvers, MA). 
5 Five micrograms of the hybridization probe 

consisting of both chromosome pools in 7.5 *1 of TE was 
denatured in a boiling water bath and then snap cooled 
on ice. 2.5 ,1 of concentrated hybridization solution 
(5 x SSC and 0.1% SDS) was added and all 10 pi 
10 transferred to the array surface, covered with a cover 
slip, placed in a custom-built single-slide humidity 
chamber and incubated at 60- for 12 hours. The slides 
were then rinsed at room temperature in 0.1 x SSC and 
0.1%SDS for 5 minutes, cover slipped and scanned. 
15 A custom built laser fluorescent scanner was used 

to detect the two-color hybridization signals from the 
1.8 x 1.8 cm array at 20 micron resolution. The 
scanned image was gridded and analyzed using custom 
iiaage analysis software. After correcting for optical 
20 crosstalk between the f luorophores due to their 
overlapping emission spectra, the red and green 
hybridization values for each clone on the array were 
correlated to the known physical map position of the 
clone resulting in a computer-generated color karyotype 

25 of the yeast genome. 

Figure 6 shows the hybridization pattern of the 
two chromosome pools. A red signal indicates that the 
lambda clone on the array surface contains a cloned 
genomic DNA segment from one of the largest six yeast 
30 chromosomes. A green signal indicates that the lambda 
clone insert comes from one of the smallest ten yeast 
chromosomes. Orange signals indicate repetitive 
sequences which cross hybridized to both ™some 
pools, control spots on the array confirm that the 
35 hybridization is specific and reproducible. 
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frao»~! PhySiC!l1 ™ P 10Cati0nS ° f «" <™» 

I ». 1K "* S ' •*«■!•) allowing for the automatic 

^. color o f a chro.oso.ai section on the fcarylyp. 
corresponds to the color o f the array element 
contain, the clone from that section. The blac* 
regions of the Karyotype represent false negative dar* 
spots on the array (10%) or regions of the gen™ Z 
covered by the Olson clone library (i0%) . * ote that 
the largest six chromosomes are Mi „ ly red ^ ^ 

or^i»!l t Z^° a ° SOm " *" •*•« matching the 

ZZ ll ^ 9 ! 1S0l " l0n ** th " ™i»"on probe. 
TZZLT — -"^ing green spots and 

lTj s 7 n ^\ ^ *" *° SPUriOUS SMpl * *"<«ng 

e«ors in the formation of the original library and in 

the amplification and spotting procedures. 

Individ!^ 9en0me arr " yS ^ • 1S ° *th 
individual clones or pools of clones that are 

lThvr^ ly la, ' eled ** PhySiCal Mppin * Purposes. 
The hybridization signals of these clones to th. array 

TZtT™" tot0 8 position on 0,1 PhySiMl Mp - 

Example 

Total CDWA Hvhri di.pH ^ n ,, r 

cDNA clo nes with TVo-coinr 

Fluoreseanl- n e t ect: | nn 

24 clones containing cDNA inserts from the plant 
Ara^dopsis were amplified using PCR . salt was added 
to the purified PCR products to a final concentration 
of 3 x SSC. The cDNA clones were spotted on poly-1- 
lysine coated microscope slides in a manner similar to 
Example i. Among the cDNA clones was a clone 
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representing a transcription factor HAT 4, which had 
previously been used to create a transgenic line of the 
plant AraMdopsis, in which this gene is present at ten 
times the level found in wild-type Arabidopsis (Schena, 

5 et al., 1992). 

Total poly-A mRNA from wild type Arabidopsis was 
isolated using standard methods (Maniatis , et al., 
1989) and reverse transcribed into total cDNA, using 
fluorescein nucleotide analog to label the cDNA product 
10 (green fluorescence) . A similar procedure was 

performed with the transgenic line of Arabidopsis where 
the transcription factor HAT4 was inserted into the 
genome using standard gene transfer protocols. cDNA 
copies of mRNA from the transgenic plant are labeled 
15 with a lissamine nucleotide analog (red fluorescence) . 
Two micrograms of the cDNA products from each type of 
plant were pooled together and hybridized to the cDNA 
clone array in a 10 microliter hybridization reaction 
in a manner similar to Example i. Rinsing and 
detection of hybridization was also performed in a 
manner similar to Example 1. Fig. 8 show the resulting 
hybridization pattern of the array. 

Genes equally expressed in wild type and the 
transgenic Arabidopsis appeared yellow due to equal 
25 contributions of the green and red fluorescence to the 
final signal. The dots are different intensities of 
yellow indicating various levels of gene expression. 
The cDNA clone representing the transcription factor 
HAT4 , expressed in the transgenic line of Arabidopsis 
30 but not detectably expressed in wild type Arabidopsis, 
appears as a red dot (with the arrow pointing to it) , 
indicating the preferential expression of the 
transcription factor in the red-labeled transgenic 
Arabidopsis and the relative lack of expression of the 
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ZZZTu™ factor in 0,6 ~ — ^ 

to* mi T t T"' t * g ° ° f - 1 ««™y hybridization 
format for gene expression studies is «,...• u 
! concentration „. .. tu °i«s is the high partial 

concentration allows for detectt„ 0 ^ tj* 
wi^out the need £or PCR amplification r^ "^ 
hybridization probe which may bias the ta . 
"prese^ation of each discrete llTlZj'^ 

Gene expression studies such 
«- comics research to dtc^ ZT^TZ ~ 
jessed in which cell types, disease stlZ 
development states or environment.! conditions C 
expression studies can also be used for - • 
disease by empirieallv 7. <»«9nosis of 

Patterns to £^111™^°° ~ 

Example i 

A sheet of plastic-backed nitrocellulose was 
ZTrTCT — *»- rubber 

*own in rig. „ 19 * '? " ll0W * d t0 **• *■ 
yeast in..J= " M M< * uith a "«f«rent 

y«rt inserts were arrayed 400 microns apart in four 

device described in Section In. The batbam left 

™> '« -^idization 
hlle each of the other three quadrants was hybridized 
simultaneously with a different oligonucleotide using 
the open-face hybridization technology described in 
Section IV-A. Th e £irst two and last four elements of 
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each array are positive controls for the colorimetric 

detection step. 

The oligonucleotides were labeled with fluorescein 
which was detected using an anti-f luorescein antibody 
5 conjugated to alkaline phosphatase that precipitated an 
NBT/BCIP dye on the solid support (Amersham) . Perfect 
matches between the labeled oligos and the M13 clones 
resulted in dark spots visible to the naked eye and 
detected using an optical scanner (HP ScanJet II) 
10 attached to a personal computer. The hybridization 
patterns are different in every quadrant indicating 
that each oligo found several unique M13 clones from 
among the 192 with a perfect sequence match. Note that 
the open capillary printing tip leaves detectable 
15 dimples on the nitrocellulose which can be used to 
automatically align and analyze the images. 

Although the invention has been described with 
respect to specific embodiments and methods, it will be 
20 clear that various changes and modif ication may be made 
without departing from the invention. 
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IT IS CLAIMED: 



• the arr ay has , «* ^ion i„ 

•» elonget. =^,1* ""'"""""Pansing device having 

slve elongate members /<m\ »j ^ 
hold a quantity of "">ers, ( ai) ada pted to 

havinr, reagent solution and fiii) 

aeTe^ , capillary channel and deposit a 
» i« « ' * taPS * a) ^ < b > "id array 

carried ouTviT:" IT" 2 ' WhBrei " »" *• 
"elected ^1™^^ effeotiTO *» deposit . 
js ^ d VOlUB * ln vol^e range between 0.01 to 100 

for.J'bvTp™" 0 ! ° f CUi » ^ «*— -id channel is 
^ pair of s Pa ced-a Par t tapered elements. 

0 4. The method of cia,*, i * 

or sue arrays, wherein s te p W t ^ ! PlUral " y 

selected y 11 1S applied to a 

•upports « "1 °" "* ° £ 3 PlUraUty ° f — 
PPorts at each repeat cycle proceeding step (c, . 
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D . The method of claim 1, which further includes, 
after performing steps (a) and (b) at least one time, 
reloading the reagent-dispensing device with a new 
reagent solution by the steps of (i) dipping the 
capillary channel of the device in a wash solution, 
(ii) removing wash solution drawn into the capillary 
channel, and (ill) dipping the capillary channel into 
the new reagent solution. 



10 6 



o. Automated apparatus for forming a microarray 
of analyte-assay regions on a plurality of solid 
supports, where each region in the array has a known 
amount of a selected, analyte-specif io reagent, said 
apparatus comprising 
.5 (a) a holder for holding, at known positions, a 

plurality of planar supports, 

(b) a reagent dispensing device having an open 
capillary channel (i) formed by spaced-apart, 
coextensive elongate members (ii) adapted to hold a 

20 quantity of the reagent solution and (iii) having a tip 
region at which aqueous solution in the channel forms a 
meniscus , 

(c) positioning means for positioning the 
dispensing device at a selected array position with 

25 respect to a support in said holder, 

(d) dispensing means for moving the device into 
tapping engagement against a support with a selected 
impulse, when the device is positioned at a defined 
array position with respect to that support, with an 

30 impulse effective to break the meniscus of liquid m 

the capillary channel and deposit a selected volume of 
solution on the surface, and 

(e) control means for controlling said positioning 

and dispensing means. 
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15 



20 



25 



30 



dl— 7 *- aPParatUS ° f clai « «< wherein said 
dispensing means is effective to move said di a ! • 
device e said dispensing 

aevice against a support with an impulse effective J 

8. The apparatus of claim 6, wherein .«•., w 

is formed by a Da ir « . wherein said channel 

« ^ a pair of spaced-apart tapered elements. 

9. The apparatus of claim 6, wherein the control 
»eans operates to ,i> plaC e the dispensing ZjTTl 

d :vte n ^tT i0n '/ ii) B ° Ve CaPUl ~* ^ in the 
device into a selected reagent at the loading station 

to load the dispensing device with the reagllt TZ ^ 

or \Lt? £ z: reagent at a def ±ned ^ 

on each of the supports on said holder. 

device"* J!l aPP " itUS " Clal " 6 ' Whe " in «» «■*»! 
device further operates, at the end of a dispensing 

oyele, to wash the dispensing device by (i) niacin! «. 
dispensing device at a washing station" Ui'ZZ £ 
^ «*— 1 1- the device into a was^ f luld tT 
load the dispensing device with the fluid, and 

de"^ ' ^ PrlOT t0 l ° aal "' «- 

device with a fresh selected reagent. 

11. The apparatus of claim 6. wherein said device 

« £ a°rm a f Pl T litY * ^ ^ "** « ™ 
on the arm for dispensing different analyte assay 

reagents at selected spaced array positions. 

12. A substrate with a surface having a 
microarray of at least io> distinct polynucleotide or 
polypeptide biopolymers per l cm' surface area each 
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distinct biopolymer sample (i) being disposed at a 
separate, defined position in said array, (ii) having a 
length of at least 50 subunits, and (iii) being present 
in a defined amount between about 0.1 femtomole and 100 
5 nanomoles. 

13. The substrate of claim 12, wherein said 
surface is glass slide coated with poly lysine, and said 
biopolymers are polynucleotides. 

10 

14. The substrate of claim 12, wherein said 
substrate has a water- impermeable backing, a water- 
permeable film formed on the backing, and a grid formed 
on the film, where said grid (i) is composed of 

15 intersecting water- impervious grid elements extending 

from said backing to positions raised above the surface 
of said film, and (ii) partitions the film into a 
plurality of water-impervious cells, where each cell 
contains such a biopolymer array. 

20 

15. A substrate with a surface array of sample- 
receiving cells, comprising 

a water- impermeable backing, 

a water-permeable film formed on the backing, and 
25 a grid formed on the film, said grid being composed of 
intersecting water- impervious grid elements extending 
from said backing to positions raised above the surface 
of said film. 



30 



16. The substrate of claim 15, wherein the cells 
of the array each contain an array of biopolymers. 



17. A substrate for use in detecting binding of 
labeled biopolymers to one or more of a plurality 
35 distinct polynucleotides, comprising 
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a non-porous, glass substrate, 

a coating of a cationic polymer on said substrate, 



an array of distinct polynucleotides to said 
coating, where each biopolymer is disposed at a 
separate, defined position in a surface array of 
biopolymers. 

18. A method of detecting differential expression 
of each of a plurality of genes in a first cell type 
with respect to expression of the same genes in a 
second cell types, said method comprising 

producing fluorescence-labeled cDNA's fr0 m mRNA's 
isolated from the two cells types, where the cDNA's 
from the first and second cells are labeled with first 
and second different fluorescent reporters, 

adding a mixture of the labeled cDNA's from the 
two cell types to an array of polynucleotides 
representing a plurality of known genes derived from 
the two cell types,' under conditions that result in 
hybridization of the cDNA's to complementary-sequence 
polynucleotides in the array; and 

examining the array by fluorescence under 
fluorescence excitation conditions in which (i) 
25 polynucleotides in the array that are hybridized 

predominantly to cDNA's derived from one of the first 
and second cell types give a distinct first or second 
fluorescence emission color, respectively, and (ii) 
polynucleotides in the array that are hybridized to 
substantially equal numbers of cDNA's derived from the 
first and second cell types give a distinct combined 
fluorescence emission color, respectively, 

wherein the relative expression of known genes in 
the two cell types can be determined by the observed 
35 fluorescence emission color of each spot. 
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19. The method of claim 18 , wherein the array of 
polynucleotides is formed on a substrate with a surface 
having an array of at least 10 2 distinct polynucleotide 
or polypeptide biopolymers in a surface area of less 

5 than about 1 cm 2 , each distinct biopolymer (i) being 

disposed at a separate, defined position in said array, 
(ii) having a length of at least 50 subunits, and (iii) 
being present in a defined amount between about .1 
femtomole and 100 nmoles. 

.0 

20. The method of claim 19, wherein said surface 
is a glass slide coated with poly lysine, and said 
biopolymers are polynucleotides non-covalently bound to 
said poly lysine. 



15 
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Use of a cDNA microarray to 
analyse gene expression 
patterns in human cancer 
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The development and progression of cancer 1 " 3 and 
the experimental reversal of tumorigenicity 4 - 5 are 
accompanied by complex changes in patterns of 
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spond to genes preferentially expressed in the tumon- 
genie UACC-903 cell line, and the reddish spots corre- 
spond to genes preferentially expressed in the 
non-tumorigenic UACC-903(+6) cell line. Genes 
expressed at approximately equal levels in the two cell 
lines appear yellow or brown. A portion of the array at 
higher magnification highlights the diverse pattern of 
differential expression observed (Fig. 2i>). In Fig. 2c. rec- 
tangles corresponding to specific array elements are 
coloured to reproduce the hue and intensity of the fluo- 
rescent signal at each element. The hybridization signals 
from a duplicated set of genes are shown juxtaposed, to 
illustrate the reproducibility of the hybridization signals 
for each gene. 

To address the possibility that an apparent difference 
in expression might result from experimental variables 



gene expression. Microarrays of cDNA provide a unrelated to the difference in chromosomal composi- 

powerful tool for studying these complex phenom- tion between the two cell lines, we examined the vari- 

ena 6 " 8 . The tumorigenic properties of a human ance in expression for 90 'housekeeping* genes. We 

melanoma cell line, UACC-903, can be suppressed selected these genes based on the assumption that they 

by introduction of a normal human chromosome 6. would not be differentially expressed between the two 

resulting in a reduction of growth rate, restoration cell lines. The averaged red/green ratio for this subset of 

Of contact inhibition, and suppression of both soft genes was 1.13. The averaged red/green ratio for the set 

agar clonogenicity and tumorigenicity in nude of five internal standards was 0.97 (// = 10). The vari- 

mice 4,5,9 . We used a high density microarray of ability in the expression level of the housekeeping genes 



1,161 DNA elements to search for differences in 
gene expression associated with tumour suppres- 
sion in this system. Fluorescent probes for 
hybridization were derived from two sources of cel- 
lular mRNA [UACC-903 and UACC-903(+6)] which 
were labelled with different fluors to provide a direct 



probably overestimates the experimental variability in 
measuring differential expression. As a conservative stan- 
dard, an absolute fluorescent signal (red or green) with 
an intensity greater than that observed at the control 
array elements containing total human genomic DNA 
was considered to represent specific hybridization. Gene- 



and internally controlled comparison of the mRNA specific hybridization was therefore only considered sig- 
levels corresponding to each arrayed ,gene. The flu- 
orescence signals representing hybridization to 
each arrayed gene were analysed to determine the 
relative abundance in the two samples of mRNAs 
corresponding to each gene. Previously unrecog- 
nized alterations in the expression of specific genes 
provide leads for further investigation of the genet- 
ic basis of the tumorigenic phenotype of these cells. 

DNA microarrays. containing UM total elements, 
including 870 different cPNAsand controls 1 *" 1 1 (see 
Methods), were printed robotically onto a glass micro- 
scope slide in four quadrants covering an area of about 



nificantly different between samples if the following two 
criteria were met: \ ) the signal intensity (green or red) 
exceeded this threshold; and ii) the logarithm of the 
red/green fluorescence signal ratio differed by >3 S.D. 
from the mean logarithm of this ratio for the 'house- 
keeping* gene panel (that is. ratios <0.52 or >2.4). 

By the.se criteria, mRNA levels for 15/870 (1.7%) genes 
were significantly diminished, while the mRNA levels 
for 63/870 (7.3%) genes were significantly increased in 
association with suppression of tumorigenicity by intro- 
duction of chromosome 6. To lest the reliability of 
microarray hybridization results in identifying differen- 



l enr (Fig. 1 ). We prepared fluorescent cDNA probes tially expressed genes, we analysed 16 genes by north- 
using total poly (A)* mRNA from UACC-V03 cells and ' ' ' ' ' f ~" L 
UACC-903(+ft) cells by labelling with a green and red 
fluor, respectively. A mixture of the two flourcscently 
labelled probes was hybridized to the DNA microarray. 
This comparative hybridization method, coupled with 
the doping of synthetic standards and an estimation of 
statistically significant deviation for local background 
variance allowed a direct and quantitative comparison 
of the relative abundance of individual DNA sequences 
in this complex sample'*"*. We added a set of synthetic 
poly (A)*-tailed ■mRNAs* to the purified mRNA from 
each cell line as internal standards to assist in quantita- 
tion and estimation of experimental variation intro- 
duced during labelling and reading. Targets 
complementary to these standards were included, in 
duplicate, on the microarray. leased on these standards. 
mRNA species comprising 1:10,000 of the mass of the 
poly ( A ) + RNA could readily be delected. 

In a representative two-colour fluorescent scan of all 
i ,,i . » ■ .... f r: . \-> Ci.-...- 



em analysis. In each case, the results of northern analysts 
corroborated the differential gene expression identified 
by microarray hybridization (Fig. 3). 

Significant differences in expression between these 
two cell lines identified several genes as candidates for 
determining features ot the tumorigenic phenotype of 
the melanoma cells. For example, among the genes 
detected with significantly higher expression (>10-fold) 
in the tumorigenic cells was the human brown locus pro- 
tein (TRPI/melanoma antigen gp75).This is the most 
abundant glycoprotein in melanocyte cells and a critical 
melanosome membrane protein 1 2,1 \ Additionally, its 
expression is reduced when melanoma cell lines are 
induced to differentiate by treatment with HMBA l2,l> . 
Also expressed at a significantly higher level was a spliced 
variant of the mRNV^ encoding myelin 1M.IVDM20. This 
is widely expressed in neural crest derived cells in early 
development and has been suggested to play a role in 



cell-cell signaling during development 14 . 
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els were elevated by the addition of a normal chromo- 
some 6(17 genes) .ire known lo be activated bv IFN-y a 
cardinal proinflammatory cytokine thai, among other 
activity, induces expression of the gene products of the 
MHC class II locus. For example, the mRNA encodim; 
monocyte chemotaclic protein I (MCAF/MCF) ). a 
cytokine that induces monocyte chemotaxis ami activa". 
lion -'■ \ was more than l()-fold less abundant in the 
lumor.genic cell line. In the skin. MPCl is critical in the 
regulation ol cutaneous monoevte trafficking 1 ^ 17 and 
elevated expression plays a role in suppression oliumour 
growth and metastasis 1 *--'. The mechanism bv which 
these interferon-? regulated genes are induced in UACC- 
903 cells by transfer of a normal chromosome 6 remains 
«o be determined. It is worth noting however, that the 
mterleron-y receptor gene is localized to the distal lorn; 
arm of human chromosome 6. 

Finally, several genes that showed > 10- fold hiuher 
expression in the suppressed UACC-9031+6) cells have 
previously been recognized in other models of tumour 
suppression. Most notably, there was elevated expres- 
sion ot the mRNA encoding WAFl ( P 2I ). 3 kev media- 
tor of tumour suppression by p53 (ref. 18). The p21 
protein had previously been identified as a melanoma 
differentiation-associated anticen (termed mda-6)'*- 0 
In melanoma cell lines suppressed for metastasis by the 
introduction ot chromosome 6. expression of WAFl 
(p2 1 ) mRNA and protein correlates inversely with 
metastatic potent ial*. 



These results provide a wide view of the diverse sys- 
tems that are altered in this model svs.cm of tumo'ri- 
gemc.iy and locus attention on specific «cne products 
and pathways that may be of particular importance in 
this tumour tvpe. 

Our ability to classify human cancers in a way that 
reflects the underlying molecular pathology or that 
anticipates their potential f„ r profession or response 
lo treatment, remains primitive. Using cDNA microar- 
rays to deline alterations in gene expression associated 
with a spec.be cancer may be an efficient way to uncov- 
er dues to the specific molecular derangements that con- 
tribute to its pathogenesis and thus identify potential 
targets for therapeutic intervention. Moreover, recogni- 
tion of pathognomonic alterations in uene expression 
might provide a basis for improved diagnosis and mol- 
ecular classification of cancers and thus allow selection of 
the most appropriate therapeutic strategies. 

Public databases of human expressed gene sequences 
contain partial sequences of at least 40.000 different 
human genes", and efforts to develop a human tran- 
script map have developed rapidly- 1 . Based on the high 
yield of information obtained using an array of < 1,000 
different genes, a more comprehensive survey of gene 
expression patterns, using a more complete array of 
human genes, will likely provide a rich source of new 
and useful insights into human bioloev and a deeper 
understanding of the gene pathways 'involved in the 
pathogenesis of cancer and other diseases. 
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Fig 2 DNA microarray analysts o1 changes in gene expression between the tumorigenic cett line. UACC-903. and its non-tumongemc derivative. UACC9Q3(*6). 
derived by introduction ot a normal chromosome 6. 9, A ratio image of the results of simultaneous hybridization of Rhooammel 10-tabelled cDNA (green) 
from UACC-903 and Cy3-taoei»ed cDNA (orange-red) from UACC-9031+6) to a microarray. To produce this image, the scan images corresponding to each flu- 
orescent probe were combined as the appropriate colour channels m a stngte image. Arrows indicate the location witnm the array of the corresponding 
genes analysed by northern plotting (Fig. 3). to. A magnified image of the area of the array boxed m white m (a), c. Magnified image of three cDNAs mdenti- 
fted by arrows m (a), representing the cDNAs for: left. MCAF/MCP-1 {r/g ratio >10): centre. /J-acf/n tr/g ratio 1.04); and right. »- 7 -am/ehymofrypsin (r/g ratio 
0 2) (see Fig 3] d. simplified representation of rat»o hybridization results. Quantitative fluorescence intensity data is extracted from each array target. The aver- 
age target colour ratio determines the hue of each box and the average intensity determines the bnghtness of eacn box. in this image, the order of the boxes 
corresponds to their original order in the microliter plate from which they were printed. Duplicate printings of the same plate can be examined side by side, 
as m the first two rows shown here, to assess reproducibility of the hybndizatton results (see text} Numbered arrows indicate the location within the array cor- 
responding to genes analysed by northern blotting in Fig. 3. 



Methods 

Generation of microarray*. hybridi/aiion, scanning. The 
preparation oUoatcd microscope slides anil subsequent robot- 
ic prmtmuol DNA was carried mil in a mannci similar m ih.n 
described . Hriellv. prc-clcaned &:lass slide* were treated with 
polv-l -Ivsinc solution (Sigma) lo form an adhe.Mve mm" lave lor 
printing. P(*U products, purified by elhanul purificahon. were 
resuspended tit 3\ SSC A custom luiili arraying rohoi picked 
up and deposited small volumes (-? iunnliter>l ol DNA onio 
ihe slides. Atler printing, the slides were washed in a 0.2''" SOS 
solution. The remaining hound DNA was denatured by sub- 
merging the slides in SJ? ••(* distilled water lor 2 mm followed in 
a brief wash with 9Vi» ethanol. DNA was I'V ciosslinked lo the 
slides (Stratagem* Stratalinkcr, 60 mil. To prevent non-specific 
probe binding, the slides were blocked by rinsing in a solution 
of 70 mM succinic anhydride dissolved in ti l M bone acid pH 
K.O. containing 35% I -mcthyl-2-pvrrolidmonc (Aldrichl. 
Additional protocols and parts lis! pertaining to nncroarrav 
fabrication can be obtained from http://emgm.sianford.edti/ 
pbrown. 

Purified, labelled cDNA was re.suspended in 1 1 pi of 3.>x SSC 
comainmg-l ugol poly (dAK DNA. Z.h ug r.. («>/i tKNA, A ugol 
human Col I DNA (liibco HKU.and 0.3 pi of liri.. SDS. Prior to 
hvbridi/ation. the solution was boiled lot 2 nun then allowed in 
cool 1*1 loom temperature. I lyhi idi/alion was carried out at 
f0 *C lor - U h in a water hath. Prior lo scanning, slides weie 
washei! in > sSi;. o.?".. SDS tor ? inin and 0.?v SS( ! Tor I min. 

luval laser microscope luiili bv S. .Smith with sotlwaie written 



b\ N. /i\. A separate scan, using the appropriate excitation line, 
was d»»ne loi each ol the two lluorophores used. Data was col- 
lected .11 .i maximum resolution ol y microns/pixel with 12 bits 
ol depth 

Probe preparation and labelling. UNA was extracted front cells 
Usui" theTna/ol reagent (I I I Inc.). following the manufactur- 
ei s directions. *.DNA ptohes were synthesized from singly oligo 
d'l -selected (Pharmacia! mKNA pimls. hiuorescently labelled 
cDNA was prepared Iroin mliNA by olii;o d I -pruned |H»lymer- 
i/ation tiMitj: Superscript II leverse lianscnptase fl.TI Inc.). 
I lie pool o! nucleotides in the labellmj: reaction wa> (i.^ mM 
di'.TP. dATP and dlVI'P and i\.2 mM dTTP. Fluorescent 
nucleotides. Uhodamine I I" dUTP (Peikin Flmer Cetusl or 
C.v3 dL'TP I Amersham). were present at 0.1 mM. Probes were 
purified bv uel cliromaio-jtaphy (HioSpin 6/bioRjil) and 
ethanol precipitation. 

Selection of cDNA elements and generation of control tem- 
plates. Synthetic cDNAs were prepared by cloning random 
Jiiiu/Hl and Hmdlll ended Irauments ol E. mil DNA in the vec- 
tor pSPM poly (A)* (Prome\:a). hnean/.mg isolated plasmid 
DNA with KutUI and M iithesi/m^ poly I A)' tailed UNA com- 
plementarv lo the insert liom the lesideni SPti promoter 
(Piomeua). Prim to use, the s\ntheM/cd UNAs were M,*k*Cted on 
oliijo d T cellulose. The largest cmup of cDN As consisted of 674 
cDNA clones horn the I Nil* ari.wed normalized infant brain 

i . i.i.. n.ew vi«» .. ■ .n..kuJ t.. i .cry NIB 

hbrar\ member that toi u-spouded to a named gene according 
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Fiq. 3 Nonnem nyoridzaiion lu&sun,^,. 
mg the eoftsisiency of the cONA mrcroar- 
ny results. Cofresoondmo. locations wtitm 
the cONA microarray rifustraied m Fm 2m 
aw proveed fa 1) tVaM/p?7; 2} 
3) CO//*oen«e; 4) MCAF/MCP-1; 5) 0-7.* 
anttoyymotryps/n: and 6) 0 -acta. The sig- 
nal detected by a radio- labelled 0-acfm 
probe represents a control lor loading y^. 
ance. wrth a red/green ratio observed on 
the CONA microarray (Fig. 2a.e) for fracM 
O" 1.04. 

to Ihe UniCcnc EST clustering sv$ 
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clones cimM.Mul m IHJ sequenced cDNA 
clone!* yeinraied In Mihtractinn nf cPN'A 
from the chroimiMmic-n Mipprc^eJ 
nnn-iumoripcnic UACC-90J (♦«) cell 
line with cDNA from its parental lumori- 
jionic all |j tu - UACC-90J (rei. V). 
Approximately 1 00 additional -enes 
(total X70 genes .irrayeil) tvere obtained 
from KST libraries on the basis of ihcir 
expresM.in pattern ( tissue specific, and so 
on I. luuh array included the follow ing 
hybridi/atiim coniroU: piasmid vector, 
lambda. OX 1 74 phage, total human I )NA. 
human Coll l>NA, and |*>|y (A]\ The 
synthetic standards u H *d lor normaliza- 
tion of signals in each wavelength tvere 
also arrayed. Controls U ere included in 
each uiudram ,he array in avsess tlu- reproducibili.v of the 
hybridi/atmn s.gnal. Two p|. lUN ol cDNA clones (derived from 
the UAl.CW subtracted librarvt were aUo arraved in du P li. 
cate. I .tlehty ol the Unigene array relative to dhKST was ies U -d 
by M-iiuencng of a random .sample o! 1 1 clones „ HH | , t ,r 
microarray construction. All >euue.Ke> were iden.ical with the 



enrrrspondmu dhLSl ..„„„. v , , (1 

IUI11 * t , 1 fcn »»c%. Additionally cj v n m MllJ „ 1XC 1 
cDNA Iromthel ACt".sj(tx tlll u l . . .,, u - 
subtracted hbrarv uj* H . tl „.. n 1 . 1 x 

I.M.n P ... CNA, ,„ mp , iMnK lh „ ni| , fiufrjv J-"- 

ohu.ncd fn,m hMp^ w . nihs „ v/|)|K/LCr>MKKM 

html. ' 

Northern blol „ulv»ij. Tntol RNA. 1(1 MP per Ijnc. »•« cKv- 
irnphor^l ,„ | j%, ^msc.h.rnuldehvdc w |» Jm i .rjnMa.vJ 
..nto nvlnn membrane IH.WI-N-. Antrum! hv c Jpi |l.,rv 
bloumj. mvrn^hl. ft.r UNA pr„be* in M -n feanrnu ,„.m .he 

^ r 7, » ," >NA lihri,rV, " W " f ■*»"* J ''CK for 

p2I. MAIK.ks.< 1 .|. anl i chym( , lr) . | , >ln anJ (J.^.,,,, p, llhft |llf 

UACC.9.3UM ,„ rk ., u ,, d)NA |ih . w(|h jM 
bMlcd In random priming. ImIut> «vrc u,,shed ,„ ., M1 ,„. 
Ki-no- ol n. ix SSL j! 42 *C i„ r ;u „„„. 

Web h.lp://c.,, i!m ..su l ,l„, l |. l d ll /p|, rmvn f„ r prilI(K , lU J1U| 

pans l». pcru.ninj; „, mifnMrr 

hup7/u« : w.,uh !: r..,,h.s:.,v/l)|R/,. ( : l ; /AUKAV/c , 1)hlm| ft 
Lsunj: ... cDNA, comp,,^ lhi , n,ia,. Jr r a v „huh »■>■„■ 
•U-r.wl ir„m .he Uni(!i-nc ..ml -ImuvcU-pmj; p . m ,|. 
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vs for analyzing complex DNA samples. Shown is a twc-color fluorescent .of 
anay of X clones of yeast genomic DNA. (For details, see Shalon et al.. p. 639.) 



GENOME METHODS N £TfcE; 7* me ^, ^ 

r ^° array System forXalg^ 
Complex DNA Samples Using Two-color 

Fluorescent Probe Hybridization 

Dari Shalon, 1 -' Stephen j. s mith , 3 and Patrick 0 Brown ,. i5 

'Howard Hughes Medical Institute and Denartm»„». ~* 2 B - ^ 

this problem, using microscopic arrays of DNA fr a ™« ' t^^J " Mnl ^mental approach to 
analysis of fluorescent* labeled DNA^ampTe, T ttSteZl^^™'? ^dilation 
genomic DNA, together representing >7S% of the veLTL™!. Phyaa,,y mapped x don « of yeast 
each containing a total of 1744 element, £ .^TdSH ^ ^ * 
of two Afferent sets of isolated yeast chromosomes bbelrf tSTS s,mu I an . eo '» hybridization 
fluorescent scanner was used to detect the hvbSESJ! • , ? ° d,fferent ""wophores. A User 
demonstrate the utility of DNA J££> ^S^£Z 5L""° Th « ' 
r,nd numerous appiicarions in genome^e genetic ^£3*^5 



Many problems in genome analysis depend on 
determining what specific sequences are repre- 
semed in a complex DNA or RNA sample and at 
what abundance, for example, what genes are 
represented in a specific chromosome band or 
*AC clone, what intervals are amplified or de- 
Jeted m a particular cancer cell, or what genes are 
expressed in specific cells under specific condi- 
Jons As a general approach to this problem, we 
have developed a system for making microarrays 
of DM samples on glass substrates, probing 
them by hybridization with complex fluorescent- 
labeled probes, and using a laser-scanning micro- 
scope to detect the fluorescent signals represent- 
ing hybridization. Fluorescent labeling allows for 
simultaneous hybridization and separate detec- 
tion of the hybridization signal from two or more 
probes. This in turn allows very accurate and re- 
liable measurement of the relative abundance of 
specific sequences in two complex samples. 

RESULTS 

Array Hybridization Pattern 

Figure 1 shows the two-color fluorescent scan of 
a yeast genomic array following hybridization 

^tS^c 1 **- '•»• c *»~- *™ 



niA 1 Pr ° b ! C ° nsistin * of "inline, 
labeled DNA from the 6 largest yeast chromo- 

STtK fn her Kith fluor «cein-labeled DNA 
from the 10 smallest yeast chromosomes. A red 
color indicate, that yeast sequences present 
the hssamine-labeled hybridization probe hy- 
bridized to an array element. A yellow.green 
color ind.cates that yeast sequences present in 
the fluorescein-labeled hybridization probe hy" 
. bndized to an array element. An orang? color i£ 
dicates cross-hybridization of both chromosome 
pools to an array element (e.g., dispersed repeti- 
tive elements, such as Tyl elements). 

Each clone was spotted twice, resulting in du- 
plicate hybridization patterns in adjacent quad- 
rants of the array. Control DNA spots, which 
were randomly amplified in the same manner as 
the x clone array elements, are located in the bot- 
tom corner of each quadrant. "A" points to a pair 
of spots containing total yeast genomic DNA 
These spots appear orange because both chromo- 
some pools hybridized to yeast genomic DNA. 
The negative controls are as follows: "B" points 
to a pair of spots of wild-type X DNA, "C" points 
to a pair of human genomic DNA spots and "D" 
points to a pair of 6X1 74 DNA spots. The lack of 
a hybridization signal at these three negative 
control spots indicates that the hybridization was 
specific for yeast sequences. 
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Figure 1 Two-color fluorescent scan of a 1 .8-cm x 1 .8-cm yeast array 
of X clones of yeast genomic DNA. The DNA spots are spaced "at a 
distance of 380 M.m from center to center. A probe mixture consisting of 
DNA from the 6 largest yeast chromosomes (4, 7, 1 2, 1 3, 1 5, 1 6) labeled 
with lissamine (red dots) and DNA from the 10 smallest yeast chromo- 
somes (1, 2, 3, 5, 6, 8, 9, 10, 11, 14) labeled with fluorescein (yellow- 
green dots) was hybridized to the array. A pair of yeast genomic DNA 
spots (A) served as a positive control. The three negative controls are x 
DNA (S), human genomic DNA (Q, and 6X174 DNA (D). 



Karyotype Depiction of the Array Hybridization 
Pattern 

The inserts contained in the arrayed A clones 
have been mapped physically (Riles et al. 1993). 
The clones are arrayed in a random but known 
order on the array. Therefore, using the identity 
of each clone along with its physical map infor- 
mation, the pattern of hybridization to the yeast 
array can be represented in the form of a karyo- 
type of the yeast genome f as shown in Figure 2. 
The color of any segment of the ideogram repre- 
senting an individual chromosome on the karyo- 
type is directly determined by the ratio of red and 
green hybridization signals at the array positions 
of the corresponding clones. The lengths of the 
discrete colored segments of each chromosome 
correspond to the physical lengths of the yeast 



inserts. The chromosome seg- 
ments colored black represent ei- 
ther intervals of the genome that 
are not represented by clones in 
the library (90% » or false-negative 
hybridization signals on the array 
(10%i. Most of these false nega- 
tives are attributable to failures of 
the PCR amplification of the A 
clones, though occasional failures 
of the arraying process or nonuni- 
form surface preparation could ac- 
count for a small fraction of the 
false-negative signals. The large 
gap on chromosome 12 is the re- 
gion coding for ribosomal DNA 
that was not represented among 
the arrayed clones. Genomic inter- 
vals represented, by overlapping 
clones were assigned a color based 
on the hybridization signals of 
only one of the overlapping 
clones, chosen at random. 

Note that in this representa- 
tion of a yeast karyotype, the larg- 
est six chromosomes are mainly 
colored red. This indicates that 
most of the arrayed clones that 
were mapped previously to these 
six large chromosomes hybridized 
primarily to the lissamine-labeled 
probe prepared from the corre- 
sponding purified chromosomes. 
Conversely, the smallest 10 chro- 
mosomes are mainly colored green 
in this image, matching the origi- 
nal CHEF gel isolation of the chro- 
mosomes used as the hybridization probe. The 
experiment was repeated with the yeast genome 
split into six discrete chromosome pools contain- 
ing 2-4 chromosomes per pool using CHEF gel 
electrophoresis. The chromosomes in each pool 
were extracted from the gel, amplified, and fluo- 
rescently labeled. The six chromosome pools 
were hybridized to six separate yeast arrays. 
Fortv-four k clones gave a positive hybridization 
signal on all six arrays indicating that they con- 
tain yeast repetitive sequences (data not shown). 
These 44 clones and 10 clones with very weak 
hybridization signals were not included in the 
data set used to produce this karyotype. 

There were -40 anomalous clones, which ap- 
pear in this karyotype representation as green 
bands on the otherwise red chromosomes or red 
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Figure 2 Computer-generated ideogram repre- 
sentmg a karyotype of 5. cerevisioe. based on the 
normalized hybridization signals from the array 
shown ,n F,g. l. Note that the 6 largest chromo- 
somes are mainly red and the 10 smallest chromo- 
somes are mainly green. Black stripes represent in- 
tervak not represented by clones in the array or or 
which the corresponding clones gave false-negative 
hybndization signals. *g«'ve 

bands on the otherwise green chromosomes 
Four randomly chosen examples of these anoma-' 
lous clones were analyzed by hybridizing the 
clones to vertical strips cut from a Southern blot 
of CHEF gel-separated yeast chromosomes. In 
each case, the hybridization patterns of the 
anomalous clones corroborated the chromo- 
somal locations assigned by the microarrav hv- 
bndization results (data not shown). Two ciones 
that were thought to map to the 10 smallest chro- 
mosomes were found to hybridize preferential 
to the probe representing the 6 largest chromo- 
somes and thus appear as anomalous red bands 
on the karyotype. Both hybridized to one of the 
six largest chromosomes on the Southern blot 

^H^r 0 d ° neS ** « anomalous 

green bands on the karyotype were found to hv- 

t hl ^?K 0ne i! the 10sroa "*« chromosomes on 
the Southern blot. Thus, the anomalous clones 
are probably the result of sample tracking em£ 
or. possibly, of errors in the published restriction 
debased physical map on which the W 
type representation was based (Riles et al. 1993,. 

DISCUSSION 

™1h N k A miCTOarra >' hybridization svstem re- 
ported here <s conceptually and functionally 



composmon. from megabase VAC clones Tm° 

chr ° moson,e bands to in ^ui 

V h ° n Nucleotides. This ver 

i3E2r U5er to choose cha "«eristi«. 

SSrl 2LT Pmg r r° ,Uti0n and ««»» com- 
plexiry of each array element, to suit a particular 

app .canon. Second, the hybridization s^nTa" 

ocanzed to discrete elements of known Tze and 

locanon, making them easier to idem ft and 

quantitate than the hybridization sienah from 

.rregularly shaped metaphase spread Xl* m? 

croarrays are more consistent and potential* 

Z^; 0 aUt ° mated Action P hybrS 
hon and data analysis than metaphase sp ea* 
Arrays of DNA samples on porous mem*. 

usTa 5 ; 0r h cxainp ^ dot b,ots ' have n £ 

WoTm^K ,C t0 ° l in m ° lecu,ar bi °lo«fv Do" 
blot membranes are usually at least 8 x 12 cm in 

sue require the use of milliliter volumes ofhv 

bndizat,on solution, and are limited ow^ w 

autofluorescence and scattering, to rad'X 

chemnumxnescent. and colorimetric hybridLa 

tion detection methods (Ross et al. 1992) Micro- 

arrays made on glass surfaces, on the other hand 

can be mass-produced and are comparatively^ 

«pens,ve, convenient, and compatible with 

fluorescent hybridization detection methods 

Furthermore, a glass surface, when appropriately 

ES*h K S ; ery l0W nons P e cinc binding oft 
beled hybndization probes, resulting in lower 
backgrounds than are encountered ryp1ca«y wlti 
porous membranes. For hybridizations w * h v^y 
complex probes, the concentration of the labeled 
probe DNA is a limiting factor in the sen ^ 
of the assay. Minimizing the volume of the pro* 
so ution in a hybridization, by restricting the ta^ 
get to a small area and by using a nonr^roJs 
substrate, makes it practical to achieve veTS 
probe concentrations. ^ g 

One important advantage of fluorescently la- 
beled probes is that, unlike most radioactive and 
chem.iummescent signals, fluorescent signals do 
not d,sperse and therefore allow for very dense 
array spacing. A unique, and probablv the most 
important, advantage of fluorescent' probes is 
that the hybridization signals from two or more 
d.fferently labeled probes hybridized to the same 
target element can be detected separately Jnthil 
way two-color hybridization detection a lowsio 
a duec, and quantitative comparison oT the 
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abundance of specific sequences between two 
probe mixtures that are hybridized competitively 
to a single anay. The absolute intensity of a hy. 
bridization signal at a particular element in an 
array can vary owing to experimental factors 
such as variations in the amount of DNA depos- 
ited on the array, variations in the hybridization 
or wash conditions between experiments, or 
variations in the hybridization characteristics of 
the different DNA sequences on the array. The 
ratio of the two signals at any element in an ar- 
ray, however, is relatively insensitive to these 
confounding factors because they affect both 
probe mixtures equivalently. This ratio therefore 
accurately reflects the relative abundance of the 
cognate sequence in the two probe samples. This 
is the principle underlying the technique of com- 
parative genomic hybridization (CGH), which is 
used to detect changes in the copy number of 
specific chromosomes or chromosomal regions 
(Kallioniemi et al. 1992). CGH is based on mea- 
suring the relative fluorescent hybridization in- 
tensities of two genomic-complexity hybridiza- 
tion probes, for example, probes representing ge- 
nomic DNA from normal and affected tissue 
samples, which are labeled with two distinct fluo- 
rophores and hybridized simultaneously to a 
metaphase spread. DNA microarray representa- 
tions of the human genome may provide a more 
convenient and higher resolution alternative to 
metaphase chromosomes for CGH. 

Cross-hybridization between related se- 
quences is an important problem faced by any 
hybridization-based assay, including the DNA 
microarray assay described here. Studies are now 
in progress to quantitate the extent of cross- 
hybridization between related sequences of vary- 
ing homology and length, in DNA microarray 
hybridizations. The stringency of hybridization 
and washing can be controlled by varying the salt 
concentration and temperature as in conven- 
tional membrane-based hybridizations. Cross- 
hybridization caused by repetitive sequences can 
be minimized by prehybridization of the probe or 
array with vast excess of unlabeled copies of the 
repetitive sequences. 

Alternative methods have been described for 
making microarrays of very short DNA se- 
quences, involving photolithography (Pease et 
al. 1994) or physics! masking (Maskos and South- 
ern 1992) methods. These in situ synthesis meth- 
ods are inherently limited to low complexity ar- 
ray elements consisting of oligonucleotides. For 
complex-probe hybridizations, the specificity of 



hybridization is improved by using DNA frag- 
ments substantially longer than oligonucleo- 
tides. Moreover, the in situ synthesis approaches 
to array fabrication depend on prior knowledge 
of the sequence to be recognized by each array 
element. The approach described here makes mi- 
croarrays by transferring tiny volumes of DNA 
samples from microwell storage plates to a solid 
substrate. Thus, nucleic acids (or other mol- 
ecules) of virtually any length or any origin can 
be arrayed, and knowledge of their sequences is 
not required. 

The arrays used in these experiments do not 
represent the maximal achievable density of ele- 
ments. We have found that the spacing between 
the spots can be decreased by shrinking the con- 
tact area of the printing tip and by increasing the 
hydrophobicity of the glass surface. Microarrays 
with 100-^m feature size have been tested suc- 
cessfully in pilot experiments (data not shown). 
Assuming the projected availability of the appro- 
priate physically mapped human genomic clones 
(Hudson et al. 1995), arrays at lOO-jim spacing 
would allow for 10,000 discrete intervals of the 
human genome to be represented in a 1-cm 2 ar- 
ray. Such an array could be used for mapping at a 
resolution of <0.S Mb. Experiments are in 
progress to explore the feasibility of such arrays. 

Our initial motivation for developing these 
microarrays arose from the need for abundant 
and inexpensive genomic arrays for genomic 
mismatch scanning (GMS) (Nelson et al. 1993), a 
method of genetic linkage analysis based on 
identification of the regions of "identity by de- 
scent" between affected relative pairs using a 
single complex-probe hybridization to an array 
of genomic clones. Experiments using these ar- 
rays to map quantitative trait loci in yeast by 
GMS are currently in progress Q. deRisi, D. Lash- 
kari, L. Penland, L. McAllister, J. McCusker, R. 
Davis, and P.O. Brown, unpubl.). 

Microarrays of cDNA clones, prepared using 
the system described here, have been used for 
quantitative monitoring of gene expression pat- 
terns in Arabidopsis (Schena et al. 1995), S. cerrw- 
siae (D. Lashkari, J. deRisi, L. Penland, P.O. 
Brown, and R. Davis, unpubl.), and human tis- 
sues 0- deRisi, M. Bittner, P. Meltzer, L Penland, 
J. Trent, and and P.O. Brown, unpubl.). We an- 
ticipate that DNA microarrays of the kind de- 
scribed here will be useful in additional applica- 
tions for which conventional dot blots, high- 
density gridded arrays on porous membranes, or 
FISH are currently used. These potential applica- 



642 ^ GENOME RESEARCH 



tions include comparative genomic hvbridiza 
tion (Kallioniemi et al. 1992), sequencing bv hv- 
bridization fDrroanac et al. 1993), physical map- 
pmg of cJoned or amplified sequences (Billings et 
al- 1991). and economical distribution of re- 
agents for integrated genetic and phvsical map- 
ping based on a common set of arra'ved dones 
(Zehetner and Lehrach 1994). 

METHODS 

Amplification of Target DNA Elements 
The array dement, were prepared from physically mapped 
c,on » < w »« « 1»3). The x clone* were amplified 
using randomly primed polymerase chain reaction (PCR) 
based Published and unpublished protocols (Bohlander 

fni!? £ tl ?£„ mpUbU Tne P n »« e were 
amplified w a JO-*] PCR reaction using 5 uu final concen- 

200 d.VTPs. and 1 unit of Taq polymerase. Round A 
consisted of five cycles at 94'C for! rW. 23'C for Uni n 
25-72*C over 7 min. and 72«C for 3 min using Tat oolv 
mer.se (BMB). For round B. the reaaio^lumTwas' 
brought up to 100 * for a final concentration of 2 *m o 
pnmer B fCCTATCTTCAAGATCA). 200 »u d.NTPs. Jnd 4 
umts of Toq poh-merase. Round B consisted of 30 cvdes of 
94 C tor 1 mm. S6«C for 2 min. and 72«C for 3 min. The 
amplification was performed in 96-well plates using crude 
phage lysates as the templates, resulting in an ampSc.! 
aon of both the 3S-kb x veaor and the 5-kb to iSfS, 
insert sequences as a distribution of PCR products between 
250 bp and 1500 bp in length;. 

TF P r f duc °, were P«^ed and transferred into 

d« G50 gel filtration (Pharmacia) and evaporated to drv- 
ness at room temperature overnight. Each of the 864 am. 
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Preparation of DNA Microarrays 

Themicrcarrays were fabneated on polv-i-h-s.ne coated 

SSTS^ 1 " "f 1 A ««Silt arranng n^ 
enme. consisting of four tw»»*.» m.. * 

mounted 9 mm apart on a P " n,,Bf tipi 

as a s s r ^ 

chine. Figure 4 shows a detailed SI o, S « ^ ™* 

nnsed in aiJ^S™" 'J**- 

s "" aet »e sl'des were treated with succinic anhv 

100 ml of l-methvi-2-pmolidinone and then iSolS 3 
0.2 m boric acid ipH 8.0) was 
added. The arrays were soaked in 
this solution for 10 mm and then 
nnsed in distilled water four 
times for 5 min each, lmmedi- 
ately before use. the arrayed DNA 
elements were denatured by plac- 
in 8 tne sl'de in distilled water at 
9°*C for 2 min. 



Amplification and Labeling 
of Hybridiiation Probe 

The 16 chromosomes of Saccharo- 
myces cetcviiiat were separated us- 
ing a contour-clamped homoge- 
neous electric field (CHEF) aga- 
rose gel apparatus (Bio-Rad) (Chu 

«al. 1986). The 6 largest chromo- 
somes were isolated in one gel 
slice and the smallest ten chre- 
mosomes in a second gel slice. 
The D\A from each slice was n- 
covered using a gel extraction kit 
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Figure 4 A close-up view of the four open- 
capillary printing tips. The tips are 9 mm apart and 
fit into four adjacent wells of a standard microwell 
plate and print arrays in a staggered fashion on mi- 
croscope slides. For more details of the printing tips, 
see web page http://cmgm.stanford.edu/pbrown. 



(Qiagen) and randomly amplified in a manner similar to 
that used in amplifying the target k clones (Grothues et al. 
1993). The main difference between this amplification 
procedure and the one used for the k array elements is a 
filtration step between rounds A and B to remove primer- 
dinners and the use of a random 9-mer 3' end on primer A. 
Following amplification. 2.5 »g of each of the amplified 
chromosome pools were separately random-pnmer labeled 
using Klenow polymerase (Amersham) with a lissamine* 
conjugated nucleotide analog (OuPont NEN) for the pool 
containing the 6 largest chromosomes and with a fluores- 
cein -con jugated nucleotide analog (BMB) for the pool con- 
taining the smallest 10 chromosomes. The two fluores- 
cent-labeled pools were mixed and concentrated using an 
ultrafiltration device (Amicon). 



Hybridization 

Five micrograms of the hybridization probe, consisting of 
both chromosome pools in 7.5 mJ of TE, was denatured in 
a boiling water bath and then snap-cooled on ice. Concen- 
trated hybndi2ation solution (2.5 mJ) was added to a final 
concentration of 5x SSC/0.1% SDS. The entire 10 mJ of 
probe solution was transferred to the array surface, covered 
with a coverslip, placed in a custom-built single-slide hu- 
midity chamber, and incubated in a 60"C water bath for 12 
nr. The custom-built waterproof slide chamber has a cavity 
just slightly bigger than a microscope slide and was kept at 
100% humidity internally by the addition of 2 of water 
in a corner of the chamber. The slide was rinsed in 5 x 
SSC/0.1% SDS for 5 min and then in 0.2x SSC/0.1% SDS 
for 5 min. All rinses were at room temperature. The array 
was then air dried, and a drop of antifade (Molecular 
Probes) was applied to the anay under a 24-mm x 30-mm 
coverslip in preparation for scanning. 



Detection and Analysis 

A custom-built laser scanner was used to detect the two- 



color fluorescence hybridization signals from 1.8- 
cm x l.&-cm arrays at 20-*un resolution. The glass sub- 
strate slide was mounted on a computer-controlled, two- 
axis translation stage (PM-500. Newport. Inane. CA) that 
scanned the array over an upward-facing microscope ob- 
jective (20 x, 0.75NA Fluor. Nikon. Melville. NY) in a bi- 
directional raster partem. A water-cooled Argon/ Krypton 
laser Unnova 70 Spectrum. Coherent. Palo Alto. CA). op- 
erated in multiline mode, allowed for simultaneous speci- 
men illumination at 488.0 nm and 568.2 nm. These two 
lines were isolated by a 488/568 dual-band excitation filter 
(Chroma Technology. Brattleboro. VT). An epifluores- 
cence configuration with a dual-band 488/568 primary- 
beam splitter (Chroma) excited both fluorophores simul- 
taneously and directed fluorescence emissions toward the 
two-channel detector. Emissions were split by a secondary 
dichroic minor with a 565 transition wavelength onto two 
muttialkali cathode photomultiptier tubes (PMT; R928, 
Hamamatsu, Bridgewater. NJ), one with an HQS35/50 
bandpass barrier filter and the other with a D630/6O band- 
pass barrier filter (Chromai. Preamplified PMT signals were 
read into a personal computer using a 12-bit analog-to- 
digital conversion board (RTI-834, Analog Devices. Nor- 
wood, MA), displayed in a graphics window, and stored to 
disk for further rendering and analysis. The back aperture 
of the 20 x objective was deliberately underfilled by the 
illuminating laser beam to produce a large-diameter illu- 
minating spot at the specimen (5-p.m to 10- nm half- 
width). Stage scanning velocity was 100 mm/sec. and PMT 
signals were digitized at 100 i&sec intervals. Two successive 
readings were summed for each pixel, such that pixel spac- 
ing in the final image was 20 *un. Beam power at the 
specimen was -5 mW for each of the two lines. 

The scanned image was despeckJed using a graphics 
program (Hijaak Graphics Suite) and then analyzed using 
a custom image gridding program that created a spread- 
sheet of the average red and green hybridization intensi- 
ties for each spot. The red and green hybridization inten- 
sities were corrected for optical cross talk between the fluo- 
rescein and lissamine channels, using experimentally 
determined coefficients. 
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Contributed by Ronald W. Davit December 27. 1996 

ABSTRACT cDNA microarray technology is used to profile 
complex diseases and discover novel disease-related genes. In 
inflammatory disease such as rheumatoid arthritis, expression 
patterns of diverse cell types contribute to the pathology We 
have monitored gene expression in this disease state with a 
microarray of selected human genes of probable significance in 
inflammation as well as with genes expressed in peripheral 
human blood cells. Messenger RNA from cultured macrephasss. 
chondrocyte cell lines, primary chondrocytes, and synoviocytes 

k!^ n^TT" Pn,files f ° r °" Mltati cytokines, chemo- 
kines, UNA binding proteins, and matrix-degrading metal, 
oproieinases. Comparisons between tissue samples of rheuma- 
torf arthritis and inflammatory bowel disease verified the in- 
vohrement of many genes and revealed novel participation of the 
cytokine interleukin 3, chemokiae Groa and the metal- 
loproteinase matrix metallo-elastase in both diseases. From the 
peripheral blood library, tissue inhibitor of metalloproteinase 1 
Terrain light chain, and manganese superoxide dismutase eenes 
were identified as expressed differentially in rheumatoid arthri- 
tis compared with inflammatory bowel disease. These renins 
successfully demonstrate the use of the cDNA microarray system 
as a general approach for dissecting human diseases. 

The recently described cDNA microarray or DNA-chip tech- 
nology allows expression monitoring of hundreds and thou- 
sands of genes simultaneously and provides a format for 
identifying genes as well as changes in their activity (1 ">) 
Using this technology, two-color fluorescence patterns of 
differential gene expression in the root versus the shoot tissue 
otAmbidopsu were obtained in a specific array of 48 genes ( U 

iJT^J!^^ 3 1000 gCne «V from ; human 
peripheral blood library, novel genes expressed by T cells were 
identified upon heat shock and protein kinase C activation (3) 
kk f teC ^° 8y cDNA ^l-enos or cDNA inserts of a 
library for PCR amplification that are arrayed on a glass slide with 
jVgn speed robotics at a density of 1000 cDNA sequences per cm' 

rnSl m !^ myS X ™ 85 gcne tar 8 eti f °r hybridization to 
cDN A probes prepared from RNA samples of cells or tissues. A 
"vo-color fluorescence labeling technique is used in the prepa- 
ration of the cDNA probes such that a simultaneous hybridation 

5 ^ teai °? P r0vidcs «■* comparative anal- 

ysis and the relate abundance of specific genes expressed ( 1 21 

.^c^^ b f-K COn$,n,Cled from Spcdfic cDN * done of 
Z™,*^ " brary - ° f 3 XiCCl number of Of*" reading 
frames from a genome sequencing database to allow a large-scale 
functional analysis of expressed sequences. 

Ttte publication cow of ibis artide were defnyed m pan by pate ehame 
payment. Tha anide must therefore be hereby ^tke^adZ^^Z 
accordance with .8 UiC $1734 solely tou^IeX f«T 

™^W%Z<£S>?0 OHAL * C ** E ** V °r Sciences or ths USa 
PNAS is available online at htt^Z/wmw^mMf, 



Because of the wide spectrum of genes and endogenous 

fnfi,™ V g In rheumatoid arthritis <RA) 

mflatnmation of the joint is caused by the gene product of 
many different cell types present in the synovium and anUaw 
tissues plus those infiltrating from the circulating btooA The 
autoimmune and inflammatory nature of ihedS? 
«ST ■«* susceptibility factors and ^l"^ 

Ih^T* P ,y aC ?" e and a ««ocrine in nature, from macro- 
c&lu * P,aS r MlU - ne «"rophils. synovial ftbrcK 
m w e, \ Gro * t " f«tors. inflammatorv cytokines 

S £Z h Ty P TOCess - rhe ««*« destruction of the cartilage 
St£? . y i ' nV 5 d,ng synov,al deludes the actions 
, ? „/m« a i!i a,,dlnS a " d le £ otri '»* (6). and the matrix deg™ 

SSEf! (MMPl) - The MMPs are » to 

rnetallo-endoproteinases that can col- 

S™T 8 6 ,he P mteo &** and coUagen componentsof 
the connective tissue matrix (7). - 

c,i3If,i PapCr 8 s,udy m which the involvement of 

Sated we're ?orS°H eCU,eS in RA WaS examined - Ato 
tigated were 1000 human genes randomly selected from a 

£25? " b,00d ,ibrar y- differenJ^ 
d^. h p e A eXpreSS '° n ana, y sis in ce,k of Joint tissue™ 
diseased RA t.ssue and in inflammatory bowel diseaseflBI» 
ussues was conducted to demonstrate the utility oMhe n2 
eroarray method to analyze complex diseases by their parte™ 

™ J£ ymg CauM 0f ,he P ath °'08y. but also provides the 
opportunuy to selectively targe, genes for disease intervemiS 
by appropnatc drug development and gene therapies. 

METHODS 

nm^Tr ra> u D f? n ' Development, and Preparation. Two ap. 

V l t e t bnaum 0{ ^NA microarravs were used m 
itS*" oa™ approach> known human ■«« of Pn*able 
^"f 6 '? RA were identi f* d - Regions of the donVpref- 

of the cDNA and for areas of least identity to related and 
repetitive sequences. Primers were synthesized to ampUfy the 
target regions by standard PCR protocols (3). Products were 

Abbreviations: R A. rheumatoid arthritis; MMP, matrix-degradm. 
metalloproteinase: IBD. inflammatory bowel disease- LPS 
saccharide: PMA phorbol 12-myristate lJ-aceTa^ TW^Smt 

■ »i granulocyte colony-siimulaiing factor. MIP macroBh«e 

roauw meuuc-«lastase. R ANTES, regulated upon activation, normal 

adhesion mo ecule; ICE, IL-1 convening enzyme- PUMPmit.tivL 
meulloproteinase: MnSOD, mang^ese sSpe^ro^utL^M? 
up,„h,b,.or of mct^loprotcinL; MCP^maercSS ^£2S* 

TTo whom reprint requests should be K0 t at the present address: 
Roche Bioscience, S3-1. 3401 Hillview Avenue. Palo Alto CA9*X*. 



2150 



Biochemistry: Heller « al. 

verified by gel electrophoresis and purified with O^"** 96 ^! 1 
p^SSnki. (Qiagen. Chatsworth. CA). ^gSSta 
andresuspendedin5 fJof 3x standard sahne citrate (SSC) buffer 
for arraying. In the second approach, the Mm 
the 1056 human genes from the peripheral blood lymphocyte 

from patiems with late stage classic RA undergoing remedial 
synovectomy or arthroplasty of the knee. Synov,al tissue was 
separated from any associated connective «t»ue or fat Ont 
gram of each svnovial specimen was subjected to RNA extrac- 
Uon within 40 min of surgical excision, or explants were 
cultured in serum-free medium to examine any changes under 
Tvaro conditions. For IBD. specimens of macroscop.cal ly 
inflamed lower intestinal mucosa were obtained Urorn pauems 
with Crohn disease undergoing remedial surgery. The ^hyper- 
trophied mucosal tissue was separated from underlying con- 
nectivc tissue and extracted for RNA. 

Cultured Cells. The Mono Mac-6 (MM6) monocytic cells 
(8) were grown in RPMI medium. Human chondrosarcoma 
SW1353 cells, primary human chondrocytes, and synoviocytes 
?9, 10) were cultured in DMEM; all culture media were 
supplemented with 10% fetal bovine serum, 100 *g/m 1 strep- 
tomycin, and 500 units/ml penicillin. Treatment of eelk with 
lipopolysaccharide (LPS) endotoxin at 30 ng/ml. phorbol 
12-myristate 13-acetate (PMA) 

factor a (TNF-a) at 50 ng/ml, interleukm ("-HP * 30 ng/ml, 
or transforming growth factor-0 (TGF-0) at 100 ng/ml is 
described in the figure legends. 
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Fluorescent Probe, Hybridization, and Scanning. Isolation of 
mRNA. probe preparation, and quantitation with Ambtdopsts 
control mRNAs was essentially as described (3) except for the 
following minor modification. Following the reverse transcriptase 
step the appropriate Cv3- and CyS-labeled samples were pooled: 
mRNA degraded by healing the sample to 65*C for lOmtnw.th 
the addition of 5 of OiM NaOH plus 03 ml of 10 mM EDTA. 
The pooled cDNA was purified from unincorporated nucleotides 
by gel filtration in Centri-spin columns (Princeton Separations, 
Adelphia, NJ). Samples were ryophilized and dissolved in 6 ^ ot 
hvbridizauon buffer (5x SSC plus 029t SDS). Hybridizations, 
washes, scanning, quantitation procedures, and pseudocolor rep- 
resentations of fluorescent images have been described (3). Scans 
for the two fluorescent probes were normalized either to the 
fluorescence intensity of Ambidopsis mRNAs spiked into the 
labeling reactions (see Figs. 2-4) or to the signal intensity of 
0-actin and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH; see Fig. 5). 

RESULTS 

Ninety-Six-Gene Microarray Design. The actions of ^jokihes, 
growth factors, chemokines, transcription factors, MMPs, pros- 
taglandins, and leukotrienes are well recognized in mf lammatory 
disease, particularly RA (11-14). Fig. 1 displays the selected genes 
for this study and also includes control cDNAs of housekeeping 
genes such as 0-actin and GAPDH and genes from Arabtdopsis 
for signal normalization and quantitation (row A, columns 1-12). 

Defining Microarray Assay Conditions. Different lengthsand 
concentrations of target DNA were tested by arraying PCR- 
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amplified produm ranging from 0.2 to 12 kb a! concentrations 
of 1 MgAil or less. No significant difference in the signal levels was 
observed within this range of target size and onh with 0.2-kb 
length was a signal reduced upon an Wold dilution of the 1 us/ul 
sample (data not shown). In this study the average length ofthe 
targets was 1 kb. with a few exceptions in the range of -300 bp 
arrayed at a concentration of 1 ug/^l Normally one PCR pro- 
vided sufficient material to fabricate up to 1000 microarray targets. 

In considering positional effects in the development of the 
targets for the microarrays. selection was biased toward the 3' 
proximal regions, because the signal was reduced if the tareet 
fragment was biased toward the 5 1 end (data not shown). This 
result was anticipated since the hybridizing probe is prepared by 
reverse transcripuon with oligo(dT>primed mRNA and is richer 
in 3 proximal sequences. Cross-hybridizations of probes to 
targets of a gene family were analyzed with the matrix metal- 



A. 
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seTent a ! fl 5 e r,^- he T** ** a " sh °* « 8 i 0nS of 

^ i de "» ues « ?raier than 705c. With collarcnase-l 

(^MJandcollagenase^fCoI^genesastargeuwithuptS 
sequoia sdennty. and suomerysin- 1 (Strom-I)andstromeh«n.: 
(Strom-2) genes w.th different degrees of idemirv. our results 
showed that a short region of overlap, even with 70-90* se- 
quence identity, produced a low level of cross-hvbridization 

,,^T^^ er regi0nS I 1 i(lentity spread over the ien « h * *t 
eT0SS - h y brilto,i ' > " (^«a no, shown). For 
closely related genes, targets were desiened bv avoidinc lone 

s«retchesofhomologv.Formembersofas\nefamihrwoofmo4 
target regions were included to discriminate between specific^ 
of signal versus cross-hybridization. sp=««cm 
Monitoring Differential Expression in Cultured Cell Lines. In 

n^f in ^ m ° n0 ^ ,e/ T Cropha 8 e P°P ula,iOT P' a « * P^- 
inent role in phagocytic and immunomodulatorv activities. Tvp- 
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icalry these cells, when triggered by an immunogcn, produce the 
proinflammatrov cytokines TNF and IL-1. We have used the 
monocyte cell line MM6 and monitored changes m gene cxpres- 
sion upon activation with LPS endotoxin, a component of Gram- 
neeative bacterial membranes, and PMA, which augments the 
action of LPS on TNF production (15). RNA was isolated at 
different times after induction and used for cDNA probe prep- 
aration. From this time course it was dear that TNF expression 
was induced within 15 min of treatment, reached maximum levels 
in 1 hr, remained high until 4 hr and subsequently declined (Fig. 
24). Many other cytokine genes were also transiently activated, 
such as IL-lc and -0, IW. and granulocyte colony-simulating 
factor (GCSF). Prominent chemokines activated were IL-8. mac- 
rophage inflammatory protein (MIPHft more so than MHMa, 
and Grofl or melanoma growth stimulatory factor. Migrauon 
inhibitory factor (MIF) expressed in the uninduced state declined 
in LPS-activated cells. Of the immediate early genes, the notice- 
able ones were c-fos,fra-L cf«n. NF-cBpSO, and JkB wither/ 
expression observed even in the uninduced state (Fig. 2B). These 
expression patterns are consistent with reported patterns of 
activation of certain LPS- and PMA-induced genes (12). Denv 
onstrated here is the unique ability of this system to allow paraUel 
visualization of a large number of gene activities over a penod of 

lW SW1353 cells is a line derived from malignant tumors of the 
cartilage and behaves much like the chondrocytes upor. i stim- 
ulation with TNF and IL-1 in the expression of MMPs (9). In 
addition to confirming our earlier observations with Northern 
blots on Strom-1, CoM, and Col-3 expression (9), gelaunase 
(Gel) A, putative metalloproteinasc (PUMP)-1 membrane- 
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type matrix metalloproteinasc, tissue inhibitors of matrix 
meialloproteinases or tissue inhibitor of metalloproteinasc 1 
(TIMP-1 1 -~ and -3 were also expressed by these cells together 
with the human matrix meiallo-elastase (HME: Fig. IA ). HME 
induction was estimated to be -50-fold and was greater than 
any of the other MMPs examined (Fig. 3B). This result was 
unexpected because HME is reportedly expressed only by 
alveolar macrophage and placental cells (16). ^P'essjon of 
the cytokines and chemokines, IL-6, IL-8. MIF. and MIP-10 
was also noted. A variety of other genes, including certain 
transcription factors, were also up-regulated (Fig. 3). but the 
overall time-dependent expression of genes in the SW1353 
cells was qualitatively distinct from the MM6 cells. 

Quantitation of differential gene expression (Figs. IB and 
3fl) was achieved with the simultaneous hybridization of 
Cy3-labeled cDNA from untreated cells and Cy5-labeled 
cDNA from treated samples. The estimated increases in 
expression from these microarrays for a select number of genes 
including IL-10, IL-8, MIP-ip, TNF. HME. CoM. Col-3. 
Strom-1, and Strom-2 were compared with data collected from 
dot blot analysis. Results (not shown) were in close agreement 
and confirmed our earlier observations on the use of the 
microarray method for the quantitation ofgene expression (3). 

Expression Profiles in Primary Chondrocytes and Synovio- 
cytes of Human RA Tissue. Given the sensitivity and the 
specificity of this method, expression profiles of primary 
synoviocytes and chondrocytes from diseased tissue were 
examined. Without prior exposure to inducing agents, low l eve l 
expression of c-;«n, GCSF, IL-3, TNF-0, MIF. and R ANTES 
(regulated upon activation, normal T cell expressed and se- 
creted) was seen as well as expression of MMPs, GelA, 
Strom-L Col-1, and the three TIMPs. In this case, Col-2 
hybridization was considered to be nonspecific because the 
second Col-2 target taken from the 3' end of the gene gave no 



A. Human synovial libr ODlasts B . Human articular chondrocylti 



FiG 3. Time course for IL-13 and TNF-induced SW1353 cells 
using the inflammation anay (Fig. I). {A) Pseudocolor representation 
of fluorescent scans correspond to gene expression levels at each time 
point. {B 1-1V) Relative levels of selected genes at different time points 
compared with time zero. 




TGFf 



FiG. 4. Expression profiles for early passage primary synoviocytes and 
chondrocytes isolated from RA tissue, cultured in the prince of 10% 
fetal calf serum and activated with PMA and IL-13. or TNF and IL-1& 
or TGF-3 for 18 hr. The color bars provide a comparative calibration scale 
between arrays and are derived from xhcArabtdopns mRNA samples thai 
are introduced in equal amounts dunng probe preparation 
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signal. Treatment more so with PMA and IL-1, than TNF and 
IL-1, produced a dramatic up-regulation in expression of 
several genes in both of these primary cell types. These genes 
are as follows: the cytokine IL-6. the chemokines IL-8 and 
Gro-lo, and the MMPs; Strom- 1, CoU, Co!-3, and HME: and 

/if^w^ 0 " 1 " 01601116 - v ^ cul ^ 1 cell adhesion molecule 1 
(VCAM-1). The surprise again is HME expression in these 
primary cells, for reasons discussed above. From these results, 
the expression profiles of synoviocytes and the chondrocytes 
appear very similar; the differences are more quantitative than 
qualitative. Treatment of the primary chondrocytes with the 
anabolic growth factor TGF-0 had an interesting profile in that 
it produced a remarkable down-regulation of genes expressed 
in both the untreated and induced state (Fig. 4). 

Given the demonstrated effectiveness of this technology a 
comparative analysis of two different inflammatory disease 
states was conducted with probes made from RA tissue and 
IBD samples. RA samples were from late stage rheumatoid 
synovial tissue, and IBD specimens were obtained from in- 
flamed lower intestinal mucosa of patients with Crohn disease. 
With both the 96-element known gene microarray and the 
1000-gene microarray of cDNAs selected from a peripheral 
human blood cell library (3). distinct differences in gene 
expression patterns were evident. On the 96-gene array, RA 
tissue samples from different affected individuals gave similar 
profiles (data not shown) as did different samples from the 
same individual (Fig. 5). These patterns were notably similar 
to those observed with primary synoviocytes and chondrocytes 
(Fig 4). Included in the list of prominently up-regulated genes 
are IL-6, the MMPs Strom-1, Col-1, Geil HME, and Tn 
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mRwiL ^r 3 *' 0 " profiles of RA K) >"d IBD tissue (B). 
EX. m ? R u A Mmples ob,ained from «•« »"« individual was 
isolated directly after excision (RA 2UA) or maintained in culture 
without serum for 2 h, (RA 2UB) or for 6 hr (RA 21SC). Prolite 
from ussue samples of two other individuals (data not shown) were 
remarkably similar to the ones shown here. 1BD-A and IBD-CI are 
from mRNA samples prepared directly after surgery from two sepa- 
rate .ndrv.dual* For the IBD^l probe, the ussueWiple wJcuit^d 
in medium without serum for 2 hr before mRNA preparation. 



Pmc. Atari. And. Sri. USA 94 11997, 

TIMP-3. and the adhesion molecule VCAM. Discernible levels 
S .1SS ptagc ch emotactic Protein 1 (MCP-1). MIF and 
RAJvTES were also noied. IBD samples were in comparison, 
rather subdued although IL-1 convening cnzvme (ICE). 
T1MP-1. and MIF were notable in all the three different IBD 

S £ Se"^ *lYr In IBD " A - one of ,nr « ^dividual 
samples. ICE. VCAM. Groo, and MMP expression was more 
pronounced than in the others. 
We also made use of a peripheral blood cDNA library (3) 

^ h r geneS f eXprCMCd by *»Pl«ocyies infiltrating the 
inflamed tissues from the circulatine blood. With the 1046- 
element array of randomly selected cDNAs from this library 
probes made from RA and IBD samples showed hybridizations 

SSS^^**?" ,usuesw hileotherswere differentially 
expressed (data not shown). A complete survey of these genes 
was beyond the scope of this study, but foTthis rem i £ 
^^S? ,hal Wcre u P-«8ula!ed in the RA tissue 
relative to IBD. These cDNAs were sequenced and idenUfied 
by compar«on to the GenBank datable. They are TIMP-1 

(Mnlon? n 8 « Cham ', and superoxide dismutase 

(MnSOD). Differential expression of MnSOD was only ob- 
served in samples of RA tissue explants maintained in growth 
medium w.thout serum for anywhere between 2 to 16 hr These 

ISSi^ ' ndiCa .' e ,hi " ,hc «P ression Profile °f genes can be 
altered when explants are transferred to culture conditions. 

DISCUSSION 

JXJI!!!^ a " d le f Mit y of simultaneously monitoring 
d!fferential expression of hundreds of genes with the cDNA 

m , ICTO , aiTa ? ^ s,cm (I " 3) « demonstrated here in the 

analysis of a complex disease such as RA. Many different cell 
types in the RA ussue; macrophages, rymphoevtes. plasma cells, 
neutrophils, synoviocytes, chondrocytes, etc are known to con- 
tribute to the development of the disease with the expression of 
gene products known to be proinflammatory. They include the 
cytokines, chemokines, growth factors. MMPs, eicosanoids. and 
others (7. 11-14) and the design of the 96-element known gene 
microarray was based on this knowledge and depended on the 
availability of the genes. The technology was validated by con- 
firming earlier observations on the expression of TNF by the 
monocyte cell line MM6, and of Col-1 and Col-3 expression in the 
chondrosarcoma cells and articular chondrocytes (9. 12). In our 
time-dependent survey the chronological order of gene activities 
in and between gene families was compared and the results have 
P/^'i 6 ^ unprecedented profiles of the cytokines (TNF, IM 
IL-6 GCSF. and MIF). chemokines (MIP-lo. MIP-10. H*. and 
uro-l). certain transcription factors, and the matrix metal- 
loproteinases (GelA. Strom-1. Col-1. Col-3. HME) in the mac- 
rophage cell line MM6 and in the SW1353 chondrosarcoma cells. 

Earlier reports of cytokine production in the diseased state had 
established a model in which TNF is a major participant in RA, 
IU expression reportedly preceded that of the other cytokines and 
effector molecules (4). Our results strongly support these results 
as demonstrated in the time course of the MM6 cells where TNF 
inc^ionpreceded that of IL-la and IL.0 followed by ILr6 and 
ut_bF. Tnese expression profiles demonstrate the utility of the 
""iTJSll^ 'J-™"" 1 * ,he hierarachy of signaling events. 

inthe SW1353 chondrosarcoma cells, all the known MMPs and 
TIMPs were examined simultaneously. HME expression was 
discovered, which previously had been observed in only the 
stromal cells and alveolar macrophages of smoker's lungs and in 
placental tissue. Its presence in cells of the RA tissue is mean- 
ingful because its activity can cause significant destruction of 
elasunand basement membrane components (16, 17). Expression 
profiles of synovial fibroblasts and articular chondrocytes were 
remarkably similar and not too different from the SW1353 cells, 
indicating that the fibroblast and the chondrocyte can play equally 
aggressive roles in joint erosion. Prominent genes expressed were 
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the MMPs, but chemokines and cytokines were also produced by 
these cells. The effect of the anabolic growth factor TGF-0 was 
profoundly evident in demonstrating the down regulation of these 
catabolic activities. 

RA tissue samples undeniably reflected profiles similar to 
the cell types examined. Active genes observed were IL-3. IL-6, 
ICE, the MMPs including HME and TIMPs, chemokines IL* 
Groa, MIP, MIF, and R ANTES, and the adhesion molecule 
VCAM. Of the growth factors, fibroblast growth factor 0 was 
observed most frequently. In comparison, the expression 
patterns in the other inflammatory state (i.e., IBD) were not 
as marked as in the R A samples, at least as obtained from the 
tissue samples selected for this study. 

As an alternative approach, the 1046 cDNA microarray of 
randomly selected genes from a lymphocyte library was used to 
identify genes expressed in RA tissue (3). Many genes on this 
array hybridized with probes made from both RA and IBD tissue 
samples. Hie results are not surprising because inflammatory 
tissue is abundantly supplied with cell types infiltrating from the 
circulating blood, made apparent also by the high levels of 
chemokine expression in RA tissue. Because of the magnitude of 
the effort required to identify all the hybridized genes, we have for 
this report chosen to describe only three differentially expressed 
genes mainly to verify this method of analysis. 

Of the large number of genes observed here, a fair number 
were already known as active participants in inflammatory dis- 
ease. These are TNF, IL-1, IL-6, IL-8, GCSF, R ANTES, and 
VCAM. The novel participants not previously reported are 
HME, IL-3. ICE and Groa. With our discovery of HME 
expression in RA. this gene becomes a target for drug interven- 
tion. ICE is a cysteine protease well known for its IL-10 process- 
ing activity (18), and recognized for its role in apoptotic cell death 
(19). Its expression in RA tissue is intriguing. IL-3 is recognized 
for its growth-promoting activity in hematopoietic cell lineages, is 
a product of activated T cells (20), and its expression in synovio- 
cytes and chondrocytes of RA tissue is a novel observation. 

Like IL-8. Groa. is a C-X-C subgroup chemokine and is a 
potent neutrophil and basophil chemoattrartant It down- 
regulates the expression of types I and III interstitial collagens 
(21, 22) and is seen here produced by the MM6 cells, in primary 
synoviocytes, and in RA tissue. With the presence of R ANTES, 
MCP, and MIP-10, the C-C chemokines (23) migration and 
infiltration of monocytes, particularly T cells, into the tissue is 
also enhanced (5) and aid in the trafficking and recruitment of 
leukocytes into the RA tissue. Their activation, phagocytosis, 
degranulation, and respiratory bursts could be responsible for 
the induction of MnSOD in RA. MnSOD is also induced by 
TNF and IL-1 and serves a protective function against oxida- 
tive damage. The induction of the ferritin light chain encoding 
gene in this tissue may be for reasons similar to those for 
MnSOD. Ferritin is the major intracellular iron storage protein 
and it is responsive to intracellular oxidative stress and reactive 
oxygen intermediates generated during inflammation (24, 25). 
The active expression of TIMP-1 in RA tissue, as detected by 
the 1000-element array, is no surprise because our results have 
repeatedly shown TIMP-1 to be expressed in the constitutive 
and induced states of RA cells and tissues. 

The suitability of the cDNA microarray technology for 
profiling diseases and for identifying disease related genes is 
well documented here. This technology could provide new 



targets for drug development and disease therapies, and in 
doing so allow for improved treatment of chronic diseases that 
are challenging because of their complexity. 
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A number of methods have been developed to quantitate, measure the size of, 

i?m SL 8 £3Sf of specific "** molecules 111 preparations of 

specmc mRNA molecules m preparations of total or poly(A)- RNA are 
determined (Alwine et al. 1977, 1979). The RNA is separated according to 
size by electrophoresis through a denaturing agarose gel a^d is then 
transferred to activated cellulose (Alwine et al. 1977- Seed 1982b) nitrT 
cellulose (Goldberg 1980; Thomas 1980; Seed 1982a), o TjSt nllon 
membranes (Bresser and Gillespie 1983) (see below). The RNA of mterest 
J^SfiS^ ^beled DNA or RNA followed by 

' ?°L ^ H 1 ?' W rid * atio ' l > « which an excess of radiolabeled probe is 

al ?™ ™ Vos? 5S. bem ^ mobilized on a solid support (Kafatos et 
al 1979; Thomas 1980; White and Bancroft 1982). Densitometric tracings 
of the resulting autoradiographs can allow comparative estimates of the 
amount of the target sequence in various preparations of RNA. 

* iSg£* T n8 J^ me Sl 0r rib °nuclease, in which the precise 

positions of the 5' and 3' termini of the mRNA and the locations of splice 
junctions can be ngorously determined (Berk and Sharp 1977; Weaver and 
Weissmann 1979). Labeled or unlabeled RNA or DNA%J'd«S3fiS 
various segments of the genomic DNA are hybridized to mRNA, often under 

Z ^ f0rma ?°!! ° f DNA:RNA hybrids (Casey and David- 

son 1977X The products of the hybridization are then digested with 

81 ,° r ^ C ° nditi0ns favorin S digest^ of shS2 

stranded nucleic acids only. Analysis of the digestion products by gel 

^:xt^r nt quantitative — inf — n 

" uT*T e ? cns£ ? n ' m which a small radiolabeled fragment of DNA is 

The n rt 2 ^ t ° 35 3 Primer f ° r reV ^ Se transcribe 

^ =^5?^. should extend to the extreme 5' terminus of the 
mRNA^ and thus the size of the product reflects the number of nucleotides 
from the position of the label to the 5' terminus of the mRNA. 

• Solution hybridization s which the absolute concentration of the sequence 
of interest is calculated from the rate of hybridization of a small amount of 
IT1* C p f ? P n£ C ^ h 3 knawn ^ uantit y of P urifi ed cellular RNA 

lS« of 5 6 t?V 81 ? Urnam ^ Pahniter 1983) - Alternatively, an 
excess of a radiolabeled probe is incubated with a known amount of RNA. 
The concentration of the RNA of interest can then be estimated from the 
amount of radioactivity that becomes resistant to nuclease Sl (see eg 
Favaloro et al. 1980; Beach and Palmiter 1981; Williams et al. lSR. 
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• Filter hybridization, in which purified cellular RNA is end-labeled with 32 P 
and hybridized to a large excess of the homologous DNA that' has been 
immobilized on a solid support (Williams et al. 1986). 

Below we describe northern hybridization. Dot and slot hybridization of 
both crude and purified preparations of RNA are described beginning on page 
7.53; nuclease-Sl and RNAase analysis of specific hybrids, beginning on 
pages 7.58 and 7.71, respectively; and analysis of mRNA by primer extension, 
beginning on page 7.79. 
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